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Preface

It has been nearly 20 years since the last Humana Press book devoted to
serotonin (5-hydroxytryptamine; 5-HT) receptors has appeared. Since then, the
field of 5-HT receptors has undergone arevol ution dueto the discovery of many
additional 5-HT receptors. Although 5-HT waschemically elucidated in 1948 by
Pageand colleagues (Rapport et al., 1948) and 5-HT receptorsinitially classified
in 1957 (Gaddum and Picarelli, 1957), the complexity of 5-HT pharmacology
was not fully appreciated until the late 1970s and early 1980s when many puta-
tive5-HT receptorswereidentified by radioligand binding studies(e.g., 5-HT 1A,
5-HT2, 5-HT1E and so on) (Leysen et a., 1979; Hamon et al., 1980; Peroutka
etal., 1981; Leonhardtetal., 1989). Thefirst 5-HT receptorswereclonedin 1988
(Fargin et al., 1988; Julius et al., 1988) and the discovery of 14 distinct human
5-HT receptorssincethen ushered inthe eraof 5-HT receptor molecular biology
(Kroeze et al., 2003). The cloning and sequencing of 5-HT receptors has aso
revealed the presence of post-transcriptionally modified mRNA species (RNA
editing) (Burns et a., 1997) as well as naturally occurring mutations and their
relations to various diseases (e.g., single nucleotide polymorphisms; SNPs)
(Arranz et al., 1995).

Theidentification of theamino acid sequencesof 5-HT receptorshasallowed
usto predict how 5-HT and related agonists bind to and activate 5-HT receptors
(Shapiro et a., 2000; Shapiro et al., 2002). The hope has been that thisinforma-
tion will lead, eventually, to the development of novel, subtype-selective 5-HT
receptor agonists and antagonists (Kroeze et al., 2002).

Thefirst several chapters of The Serotonin Receptors. From Molecular Phar-
macology to Human Therapeutics are aimed at reviewing our knowledge of the
molecular and structural biology of 5-HT receptors, followed by our current under-
standing of 5-HT receptor pharmacology. The elucidation of the sequences of 5-
HT receptors has aso facilitated the development of highly selective tools for
mapping the distribution of 5-HT receptors. These tools include selective 5-HT
receptor antibodiesand hybridization probes. The use of these biochemical probes
has reveal ed an unexpected complexity in both the cellular and subcellular distri-
bution of 5-HT receptors.

The next few chapters describe the anatomical, cellular, and subcellular dis-
tribution of 5-HT receptors. Because of the plethora of receptors and receptor
subtypes, however, it has been exceedingly difficult to identify the physiological
roleof various5-HT receptors using pharmacol ogical tools. A powerful approach
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to elucidating the physiological role of 5-HT receptorswasto use micein which
5-HT receptorsweredeleted (e.g., knockout mice); thefirst 5-HT receptor knock-
outswerereported in 1994 (Saudou et al., 1994) and, sincethen, nearly all 5-HT
receptorshavebeen “knocked-out” —typically with novel phenotypes (Tecott et
a., 1995; Brunner et al., 1999).

Thefinal chaptersreview our understanding the physiological role(s) of 5-HT
receptors based mainly on studies performed in genetically engineered mice.
Thisbook represents our collective attemptsto provide the reader with a“ snap-
shot” of the 5-HT receptor field circa 2006. The scope of the book is vast,
proceeding from the genomic to the therapeutic. Becauseit is unlikely that any
reader will devotethetimeto reading the entire book cover-to-cover, each chap-
ter hasbeen designed to represent acompl etereview of the particular field. Thus,
each chapter begins with a short introduction to 5-HT receptors and then pro-
ceedsto review the particular subfield in depth. Not surprisingly, therefore, the
enterprising reader will find some overlap between various introductory sec-
tions.
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Molecular Biology and Genomic Organization
of G Protein—Coupled Serotonin Receptors

Wesley K. Kroeze and Bryan L. Roth

Summary

Among animals with nervous systems, serotonin (5-hydroxytryptamine;
5-HT) is a ubiquitous neurotransmitter, and numerous classes and sub-
classes of G protein—coupled 5-HT receptors have evolved to transduce
extracellular 5-HT signals to the intracellular milieu. In this chapter, we
summarize naturally occurring variation in serotonin receptor sequences.
These sequences vary by species and by class and subclass and are fur-
ther modified from their canonical sequences by RNA editing, alterna-
tive splicing, and the existence of single-nucleotide polymorphisms. By
the presence of 5-HT receptors in such relatively simple organisms as
Caenorhabditis elegans, it can be inferred that serotonergic signaling as a
means of intracellular communication arose fairly early in evolutionary
history. The multiple subclasses of 5-HT receptors and the various means
to further modify receptor sequences, such as splicing and editing, pre-
sumably point to a biological requirement for very delicate “fine-tuning”
of serotonergic signaling. How this fine-tuning is accomplished is likely to
occupy and intrigue biologists for many years.

Key Words: Serotonin; 5-hydroxytryptamine; receptor; sequence; database.

. Introduction

The G protein—coupled serotonin (5-hydroxytryptamine; 5-HT) receptors are

typical group A rhodopsin-like G protein—coupled receptors (GPCRs) in that
they are predicted to possess seven transmembrane spanning helices, three

intracellular and three extracellular loops, an extracellular amino-terminus, and

From: The Receptors: The Serotonin Receptors:
From Molecular Pharmacology to Human Therapeutics
Edited by: B. L. Roth © Humana Press Inc., Totowa, NJ
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2 Kroeze and Roth

an intracellular carboxy-terminus. The true structures of these receptors remain
unknown, although the crystallization of the bovine rhodopsin receptor (1) pro-
vides promise for the solution of the structures of the G protein—coupled 5-HT
receptors in the near future. Functionally, the transmembrane regions serve to
bind ligands, especially the endogenous ligand serotonin, the intracellular
domains couple these receptors to various intracellular functions, and for the
most part, the extracellular domains have uncertain functional roles (reviewed
in ref. 2). The endogenous ligand is the neurotransmitter serotonin, and the
presence of serotonin and its receptors in a variety of invertebrates argues for
arelatively early evolutionary origin of these receptors. Since our most recent
review on this topic (2), several genome sequencing projects have been com-
pleted or nearly completed, and new 5-HT receptors have continued to be
added to the public databases. In addition, new insights have been gained on the
relationship among sequence, structure, and function on many fronts. In this
chapter, we will summarize aspects of protein and nucleic acid sequence vari-
ation among the GPCRs, with emphasis on newer findings.

In mammals, there are six classes of G protein—coupled 5-HT receptors,
namely 5-HT,, 5-HT,, 5-HT,, 5-HT,, 5-HT,, and 5-HT,. These classes are
further subdivided as follows. The 5-HT, receptor class contains the 5-HT,,
5-HT g, 5-HT,p, 5-HT ¢, and 5-HT - receptor subclasses. The 5-HT,, receptor
class contains the 5-HT,,, 5-HT,5, and 5-HT . receptors. The 5-HT; receptor
class contains the 5-HT,, and 5-HT; receptor subclasses. For the most part,
the 5-HT,, 5-HT,, and 5-HT, classes do not contain subclasses of receptors
per se, and sequence diversity in these classesis provided mainly by alternative
mMRNA splicing, which will be the subject of a subsequent chapter. The orga
nization of classes and subclasses of receptors in mammals is not completely
conserved, even among other vertebrates, as, for example, the pufferfish
Tetraodon apparently has two subclasses of 5-HT, receptors.

Additional sequence diversity is provided by RNA editing in some sub-
classes of 5-HT receptors, and numerous single-nucleotide polymorphisms
(SNPs) and splice variants are known to exist in many subclasses of these
receptors. Editing of 5-HT receptors will be reviewed in this chapter, and SNPs
and splice variants will be reviewed in subsequent chapters.

In addition to the 5-HT receptors identified from mammals, many 5-HT
receptors have also been cloned from nonmammalian vertebrates and from
several invertebrate species. Study of these 5-HT receptors should provide addi-
tional information on the nature of the residues essential for binding of at least
the natural ligand, serotonin, to 5-HT receptors and might provide insight into
how these receptors evolved. For example, residues that are completely con-
served among all 5-HT receptors are likely to have essential roles in the func-
tion of the receptor, whether that be ligand binding, interaction with signaling
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or scaffolding proteins, or maintenance of the three-dimensional structure of the
protein. Residues that are conserved among one or a few subclasses of 5-HT
receptors might, for example, contribute to the subtype selectivity of certain
medications or explain coupling to restricted subsets of Go-subunits. The
wealth of data now available regarding naturally occurring receptor sequences
suggests that methods such as the “evolutionary trace” method of the Lichtarge
group (4) could also be very useful in further unraveling the relationships
among sequence, structure, and function in these proteins.

Notwithstanding the progress that has been made in the sequencing of vari-
ous genomes and cloning of new receptors, much remains to be done to gain a
full appreciation of the natural variation in sequence of the 5-HT receptors, even
in relatively frequently studied animal species. For example, of the 13 likely
G protein—coupled 5-HT receptors in mammalian genomes, only 2 have been
described from rabbits, 5 from pigs and dogs, 7 from guinea pigs, and 3 from
hamsters. Table 1 lists the G protein—coupled 5-HT receptors known to date.

2. Database Annotation of 5-HT Receptors

With ongoing efforts in various genome sequencing projects, as well as the
cloning of individual genes, 5-HT receptors are continually being added to the
public databases. Although these additions to the databases provide a richness of
new information for the investigator, a word of caution is in order. Functiona
annotation is now being provided by automated or semiautomated algorithms;
thus, sequences can be annotated as 5-HT receptors without pharmacologic or
functiona data. Automated annotation of new sequences is generally accurate
when there are very clear homologies with previously known receptors, as with
newly cloned mammalian receptors (Table 1). However, when the database
sequences of newly cloned or sequenced, putative 5-HT receptors diverge signif-
icantly from previously known 5-HT receptor sequences, as with some of the
newly discovered invertebrate and nonmammalian vertebrate receptors (Table 1),
the annotations should be considered to be tentative until pharmacologic or
functional data are obtained.

In addition to automated functional annotation of putative 5-HT receptor
sequences, determination of open reading frames (ORFs), start codons, and
intron/exon boundaries from genomic sequences is now aso automated. The
absence of expert human curation in such automated annotation can potentially
lead to the presence of incorrect sequence data in the databases that has arisen
from misidentification of ORFs, start codons, and intron/exon boundaries in
raw genomic sequences. For example, the sequences of several chimpanzee
5-HT receptors have recently been added to the GenBank databases, but
the sequences given for these receptors indicate that one or severa of the
seven transmembrane (TM) helices are not present in the sequence, athough
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Table 1
G Protein—Coupled 5-HT Receptors Known to Date
Probable
second  Accession
Receptor Species messengerd  number Ref.
Invertebrates
5-HTg, Aplysia sea slug Pl Q16950 48
5-HTg, Aplysia sea slug Pl Q16951 48
5-HT,-Ae Aedes mosquito AAG49292 49
5-HT,-ANO Anopheles mosquito XP-313129  Database only
5-HT-DRO Drosophila fruit fly +AC  AAA28305 50
5-HT-PLAN1  Dugesia planarian BAA22404 51
5-HT-PLAN4  Dugesia planarian BAA22403 51
5-HT,-He Helisoma snail AAQ84306  Database only
5-HT-Ser7 C. elegans nematode AABO04582  Database only
5-HT-DRO2 Drosophila fruit fly CAA57429 52
5-HT,,-ANO  Anopheles mosquito XP-307953  Database only
5-HT-Serl C. elegans nematode AAC15827 39
5-HT-ASC Ascaris nematode Pl AAC7839% 53,54
5-HT-LYM2 Lymnaea snail Pl AAC16969 55
5-HT-LOB Panulirus lobster Pl AAS57919 56
5-HT-DRO1A  Drosophila fruit fly +AC  CAA77570 57
5-HT;,-ANO  Anopheles mosquito EAA04158 Database only
5-HT-HEL Heliothis moth —-AC CAA64863 58
5-HT-BUT Papilio butterfly BAD72868 59
5-HT-DRO1B  Drosophila fruit fly —-AC CAA77571 57
5-HT-TICK Boophilus tick -AC  AAQ89933 60
5-HT-BEE Apis honeybee XP-393915 Database only
5-HT-BOM Bombyx moth —-AC CAA64862 58
5-HT,5;-ANO  Anopheles mosquito XP-317820  Database only
5-HT-LYM Lymnaea snail AAA29290 61
5-HT-1Hel Helisoma snall AAQ95277  Database only
5-HT-AP1 Aplysia sea slug -AC  AAM46088 62
5-HT-AP2 Aplysia sea slug -AC AAC28786 63
5-HT-Ser4 C. elegans nematode —-AC NP-497452 64
5-HT-HAEM Haemonchus nematode AAO45883 65
5-HT-BARN Balanus barnacle BAA12013 66
5-HT-SH Metapenaeus shrimp AAS05316 Database only
5-HT-Ser2 C. elegans nematode -AC NP-741936 67
5-HT-Ser3 C. elegans nematode NP-491954  Database only
5-HT C. elegans nematode NP-508238  Database only
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Table 1 (continued)
Probable
second Accession
Receptor Species messenger? number Ref.
Vertebrates
5-HT ,-a Fugu fish -AC CAAB5175 68
5-HT,-B Fugu fish -AC CAAB5176 68
S5-HT 5-0 Tetraodon fish -AC CAF93441 Database only
5-HT - Tetraodon fish -AC CAF91711 Database only
5-HT,, Tilapia fish -AC AAP83427 Database only
5-HT,, Chicken -AC XP-429136 Database only
5-HT,, Human -AC NP-000515 69, 70
5-HT,, Rat -AC NP-036717 71
5-HT,, Gorilla -AC BAA94490 Database only
5-HT,, Orangutan -AC BAA94491 Database only
5-HT,, Mouse -AC NP-032334 72
5-HT,, Chimpanzee -AC BAA94489 Database only
5-HT,, Fox -AC AAP12466 73
5-HT,, Dog -AC AAN08044 74
5-HT,, Frog -AC CAAB9208 75
5-HT 5 Chimpanzee -AC BAA94456 Database only
5-HT Human -AC AAHG69065 76-84
5-HT 5 Gorilla -AC BAA94457 Database only
5-HT Dog -AC AAP12469 73,85
5-HT Fox -AC AAP12468 73
5-HT Pig -AC NP-999463 86
5-HT Mouse -AC NP-034612 87
5-HT Rat -AC NP-071561 88
5-HT Rabbit -AC CAA90531 89
5-HT 5 Golden hamster -AC AAK?25827 Database only
5-HT 5 Mole rat -AC AABB82748 Database only
5-HT 5 Chinese hamster -AC CAAB0175 Database only
5-HT Guinea pig -AC AAB58500 90
5-HT Opossum -AC AAA17567 91
5-HT 5 Tetraodon fish -AC CAF89927 Database only
5-HT Chicken -AC XP-419875 Database only
5-HT,, Chimpanzee -AC XP-524604 Database only
5-HTp Human -AC NP-000855 76, 92
5-HTp Pig -AC NP-999323 93
5-HTp Rabbit -AC CAA90530 89
5-HTp Guinea pig -AC CAAB4210 9
5-HTp Rat -AC NP-036984 79, 88

(continued)
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Table 1 (continued)
Probable
second Accession

Receptor Species messenger? number Ref.
5-HTp Mouse -AC NP-032335 82, 95
5-HTp Dog -AC CAA32207 9698
5-HTp Fugu fish -AC CAAB8745 68
5-HT,, Tilapia fish -AC AAP83428 Database only
5-HT ¢ Chimpanzee -AC XP-527443 Database only
5-HT ¢ Human -AC NP-000856 81, 84, 99
5-HT ¢ Gorilla -AC BAA94460 Database only
5-HT ¢ Orangutan -AC BAA94461 Database only
5-HT ¢ Guinea pig -AC AAR05654 100
5-HT ¢ Chimpanzee -AC XP-526246 Database only
5-HT - Human -AC NP-000857 101, 102
5-HT ¢ Gorilla -AC BAA90455 Database only
5-HT ¢ Orangutan -AC BAA90456 Database only
5-HT - Mouse -AC NP-032336 103
5-HT - Pig -AC NP-999266 104
5-HT - Guinea pig -AC AAB58496 105
5-HT - Rat -AC NP-068629 101
5-HT - Chicken -AC XP-425535 Database only
5-HT ¢ Tetraodon fish -AC CAG09227 Database only
5-HT,, Cow Pl NP-001001157 Database only
5-HT,, Dog Pl NP-001005869 85
5-HT,, Pig Pl NP-999382 106, 107
5-HT,, Human Pl NP-000612 108-113
5-HT,, Rhesus Pl AAB34691 106
5-HT,, Orangutan Pl CAH93260 Database only
5-HT,, Rat Pl NP-058950 108, 114
5-HT,, Chinese hamster Pl CAA37800 115
5-HT,, Mouse Pl NP-766400 116
5-HT,, Chicken Pl XP-425628 Database only
5-HT,, Chimpanzee Pl XP-522752 Database only
5-HT,5 Human Pl NP-000858 117, 118
5-HT,5 Mouse Pl NP-032337 119
5-HT,5 Rat Pl NP-058946 120
5-HT,5 Frog Pl CAD71264 121
5-HT,5 Tetraodon Fish Pl CACB85912 122
5-HT,c Chicken Pl XP-426265 Database only
5-HT,c Dog Pl NP-001006649 85

(continued)
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Table 1 (continued)
Probable
second Accession

Receptor Species messengerd number Ref.
5-HT,c Rat Pl NP-036897 123
5-HT,c Human Pl NP-000859 109, 124
5-HT,c Mouse Pl NP-032338 125, 126
5-HT,c Chimpanzee PI XP-529113 Database only
5-HT, Pig +AC NP-001001267 107
5-HT, Guinea pig +AC CAAT73912 Database only
5-HT, Human +AC CAC22248 107, 127-131
5-HT, Mouse +AC CAAT0775 128, 129, 132
5-HT, Rat +AC NP-036985 37, 107, 129
5-HT, Chicken +AC XP-414481 Database only
5-HT, Tetraodon fish +AC CAF95370 Database only
5-HT, Chimpanzee +AC XP-518024 Database only
5-HTg, Guinea pig CAD59057 133
5-HTg, Rat NP-037280 134
5-HTg, Human NP-076917 135
5-HTg, Mouse NP-032340 136, 137
5-HTg, Chicken XP-425970 Database only
5-HTg, Zebrafish NP-001007122  Database only
5-HTz, Tetraodon fish CAG04298 Database only
5-HTs, Chimpanzee XP-519477 Database only
5-HTg Mouse NP-034613 136
5-HTg Rat XP-341112 134, 138
5-HT, Human +AC NP-000862 107, 139
5-HT, Chimpanzee +AC XP-524584 Database only
5-HT, Rat +AC NP-077341 140, 141
5-HT, Mouse +AC NP-067333 142
5-HT, Guinea pig +AC AAAB83015 143
5-HT, Rat +AC NP-075227 144148
5-HT, Pig +AC NP-999250 149
5-HT, Human +AC NP-000863 144, 145, 150
5-HT, Chimpanzee +AC XP-521556 Database only
5-HT, Dog +AC CAF31500 Database only
5-HT, Mouse +AC NP-032341 151
5-HT, Chicken +AC XP-420880 Database only
5-HT, Tetraodon fish +AC CAG05134 Database only
5-HT,, Tetraodon fish +AC CAG09680 Database only

a+AC = stimulates adenylate cyclase activity; —AC = inhibits forskolin-stimulated
adenylate cyclase activity; Pl = stimulates phosphatidylinositol (Pl) hydrolysis.
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Fig. 1. Alignment of the putative chimpanzee 5-HT,, receptor sequence (accession
number XP-522752) with the human 5-HT,, receptor sequence (accession number
NP-000612), illustrating an example of differences between the receptor sequences of
the two species probably caused by faulty database annotation.

obvioudly, for these receptors to be functional, all seven TM helices must be
present. Thus, for example, the chimpanzee 5-HT,,, receptor (accession number
XP-522752) has an approx 50-residue insertion in transmembrane helix 4
(TM4) and a deletion that removes most of TM6 and TM7, athough the distal
end of the C-terminus is present in the database sequence (Fig. 1). Similarly,
the first 35 residues of the chimpanzee 5-HT,. receptor (accession number
XP-529113) as given in the database bear no resemblance to the human 5-HT ¢
receptor, and the “true” 5-HT . receptor sequence of the chimpanzee protein as
listed in the database begins about halfway through TM4. In the chimpanzee
5-HT, receptor sequence (accession number XP-518024), the “Y” of the highly
conserved DRY matif at the intracellular end of TM3, the i2 intracellular loop,
and TM4 are missing from the database sequence. The chimpanzee 5-HT5A
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receptor sequence (accession number XP-519477) isincomplete and contains a
run of “X"sthat preclude alignment with the other known 5-HT receptors; addi-
tionally, although both the N-terminus and C-terminus are present in the
sequence, only the N-terminus is similar to known 5-HT receptors, and the
C-termina sequence, following the run of “X”s, bears no resemblance to any
known 5-HT receptor by BLAST search. Although we have presented the chim-
panzee 5-HT6 receptor sequence (accession number XP-524584) in the dign-
ment of al vertebrate 5-HT receptors shown in Fig. 2, the amino-terminus of the
sequence in the database is likely to be incorrect because it is much longer in the
chimpanzee sequence than in any other known 5-HT receptor sequence. A pos-
sible explanation for this is that the DNA sequence for this region is very GC
rich, which may have made DNA sequencing difficult, and, thus, that an error in
the reading of this sequence may have resulted in the abnormally long amino-
terminus. Obviously, many of these chimpanzee sequences as listed would
represent nonfunctional receptors. Therefore, it remains an open question
(1) whether these represent aberrant splicing isoforms among the chimpanzee
5-HT receptors that do not exist in humans, (2) whether chimpanzee 5-HT
receptors are truly different than those from other mammals, or (3) whether
further investigation of the genomic sequences with expert curation will revea
5-HT receptor sequences more like those from other primate or mammalian
species. Of these three possihilities, the third seems most likely.

The chicken 5-HT,. receptor sequence in the database (accession number
XP-426265) is 1337 residues long, as compared to 458 residues for the human
receptor (accession number NP-000859). Much of this “extra’ sequence resides
in the amino-terminus, which in the chicken sequence has the highly conserved
“GN” motif in TM1 at positions 459-460, as opposed to positions 7071 in the
human 5-HT . receptor sequence. In the chicken sequence, the el extracellular
loop is dso very long and the highly conserved “DRY,” moatif is given as“DRC/’
although many other features of 5-HT . receptors are retained. It is possible that
5-HT, receptors of birds are in fact very different from the 5-HT . receptors of
other species, as the current sequence data imply, or that the chicken 5-HT,c
receptor sequence in the database is incorrect. Which of these aternatives is
found to be true awaits further research.

As can be seen from the alignment shown in Fig. 2, the sequence given in the
database for the Tetraodon 5-HT, receptor (accession number CAF95370) is
unusually short, beginning with a methioninein TM1. This“ATG” isunlikely to
be the true “start” codon for this receptor because this results in part of TM1
being absent, but examination of the genomic sequence shows a “TAG” stop
codon immediately upstream of the “ATG” methionine codon. Whether this is

(text continued on p. 18)
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=LGLOISVSVVLATVTLATMLSNAFVIATIFLTRKLHTP-ANFLICSLAVTDMLYSILVMPISIVYTVS - =KTWSLCOIVCDIWLSSDITFCTASILHLCVIALDR -
~LGLOVSLSALLATVTLATVLSNAFVIATIFLTRKLHTP-ANFLIGSLAVTDLLVSILVMPISIVYTVS--KTWSLGQIVCDIWLSSDITFCTASILHLOVIALDR-
~ITEKMLICMTLVVITTLTTLLNLAVIMAIGTTKKLHOP-ANYLICSLAVTOLLVAVLVMPLSIIYIVM--DRWKLGY FLCEVWLSVDMTCCTCSILHLCVIALDR -
~ITEKMLICMTLVVITTLTTLLNLAVIMAIGTTKKLHQP-ANYLICSLAVTDLLVAVLVMPLSIIYIVM--DRWKLGY FLCEVWLSVOMTCCTCSILHLOVIALDR-
-ITEKMLICMTLVVITTLTTLLNLAVIMAIGT TKKLHQP-ANYLICSLAVTDLLVAVLVMPLSIIYIVM--DRWKLGY FLCEVWLSVDMTCCTCSILHLCVIALDR-
=ITEKMLICMTLVVITTLTTLLNLAVIMAIGTTKKLHQP-ANYLICSLAVTDLLVAVLVMPLSITYIVM--DRWKLGY FLCEVWLSVDMTCCTCSILHLCVIALDR -
-VTEKMLICMTLVIITTLTMLLNSAVIMAICTTKKLHQP-ANYLICSLAVTDLLVAVLVMPLSIMY IVM--DSWRLGY FICEVWLSVDMTCCTCSILHLCVIALDR-
=MPSKILVSLTLSCLALMATTINSLVIAAIIVTGKLRHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOVWCDIWLSYVDITCCTCSILHLSATALDR-
~MPSKILVSLTLSGLALMTTTINSLVIAATIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOWCDIWLSVDITCCTCSILHLSATALDR-
=MPSKILVSLTLSCLALMTTTINSLVIAATIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVY IVK -~ ESWIMGOWWCDIWLSVDITCCTCSILHLSATALDR-
-MPSKILVSLTLSGLALMTTTINSLVIAATIIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOWCDIWLSVDITCCTCSILHLSATALDR-
-MPSKILVSLTLSCLALMTTTINSLVIAAIIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOVLCDIWLSVDITCCTCSILHLSATALDR-
~MPAKILVSFILSGLALMTTTINSLVIAATIVIRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOWCDIWLSVDITCCTCSILHLSATALDR-
-MPSKILVSLTLSCLALMTTTINSLVIAAIIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR--ESWIMGOVLCDIWLSVDITCCTCSILHLSATALDR-
=MPSKILVSLTLSCLALMTTTINCLVITAIIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVYIVR -~ ESWIMGOGLCDLWLSVDITCCTCSILHLSATALDR-
-VTSKILISITLSVLALMTTAINSLVMTAIIVTRKLHHP-ANYLICSLAVTDFLVAVLVMPFSIVY IVK-- ETWIMGOWCDIWLSVDITCCTCSILHLSATALDR-
=PRSKILLTVTLFIVAILTTFLNCLVITATAVTRKLHHP-ANYLICSLAVTDLLVAVLVMPFSIMY IOK - - ETWVMGQWMCTIWLSVDVTCCTCSILHLAATAIDR - -
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SHT5A-MOUSE
SHT5A=RAT
SHTS5A-HUMAN
SHT5A-GUINEA-PIG
SHT5A-ZEBRRAFISH
SHTSA-TETRAODON
SHTSA-CHICKEN
SHT5B-MOUSE
SHT5B-RAT
SHT7-MOUSE
SHT7-RAT
SHT7-GUINEA-PIG
SHT7 -HUMAN
SHT7-CHIMPANZEE
SHT7-PIG
SHT7-TETRACDON
SHT7-CHICKEN
SHT7-FROG
SHT7x-TETRAODON
5HT4-GUINEA-PIG
SHT4-HUMAN
5HT4-MOUSE
SHT4-RAT
SHT4-PIG
SHT4-CHICKEN
5HT4-TETRACDON
SHT2A-HUMAN
SHT2A-PIG
SHT2A-0RANGUTAN
SHT2A-RHESUS
SHT2A-DOG
SHT2A-CHIN-HAMSTER
SHT2A-MOUSE
SHT2A-RAT
SHT2A-COW
SHT2C-DOG
SHT2C-HUMAN
SHT2C-MOUSE
SHT2C-RAT
SHT2B-MOUSE
SHT2B-RAT
SHT2B-HUMAN
SHT2B-FROG
SHT2B-TETRAODON
SHTE-HUMAN
SHTG-CHIMPANZEE
SHTG-MOUSE
SHTE-RAT
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-SAFRVLVLTLLGFLAAAT FTWNLLVLATILKVRT FHRV-PHNLVASMATSOVLVAVLVMPLSLVHELS - GRRWQLGRRLCOLWIACOVLCCTASIWNVTAIALDR -~ - -~ -~~~ YWSIT
~SAFRVLVLTLLGFLAAATFTWNLLVLATILRVRTFHRV-PHNLVASMATSOVLVAVLVMPLSLVHELS -GRRWQLGRRLCOLWIACDVLCCTASTWNVTATALDR - -~ =YWSIT
~SVFGVLILTLLGFLVAATFAWNLLVLATILRVRTFHRV-PHNLVASMAVSDVLVAALVMPLSLVHELS -GRRWQLGRRLCQLWIACDVLCCTASIWNVTATALDR - - - -YWSIT
~SVFSMLVLTLLGLLVAATFAWNLLVLATILRVRTFHRV-PHNLVASMAVSDVLVAALVMPLSLVHELS -GRRWQLGRRLCQLWVACDVLCCTASTWNVTATALDR - - - ~YWSIA
~SVFSVLTLTLLAMLVVATFVWNLLVLVTILRVRT FHRV-PHNLVASMATSDVMVAGLVMPLSLVRELY - GRRWILGRALCQVWISCOVLCCTASIWNVTATALDR - -~ ~YWSIT

~SIFSVLALTLLAMLVVATFVWNLLVLVTILRVRTFHRV-PHNLVASMATSDVMVAALVMPLSLVHELN-GRLWKLGRVLCOVWISFOVLCCTASIWNVTATALDR -
- SVFSVLVLTLLAMLVVATFLWNGLVLATIFRVRT FHRV - PHNLVASMAT SDVMVAALVMPLSLVHELS - GRRWALGRSLCOVWISFDVLCCTASTWNVTATALDR -

~SAFTVLVWTLLVLLIAATFLWNLLVLVTILRVRAFHRV-PHNLVASTAVSDVLVAVLVMPLSLVSELSAGRRWOLGRSLCHVWISFOVLCCTASIWNVAATALDR - -~ =YWTIT
-SAFTVLWTLLVLLIAATFLWNLLVLVTILRVRAFHRY-PHNLVASTAVSDVLVAALVMPLSLVSELSAGRRWOLGRSLCHVWISFOVLCCTASTWNVAATALDR - -~ =YWTIT
~RVEKVVIGSILTLITLLTIAGNCLVVISVCFVENVRQP-SNYLIVSLALADLSVAVAVMPFVSVTDLIG-GKWIFGHFFCNYFIAMDVMCCTASIMTLCVISIDR--~ =YLGIT
~RVEKVVIGSILTLITLLTIAGNCLVVISVCFVEKLRQP-SNYLIVSLALADLSVAVAVMPFVSVTOLIG-CKWIFGHFFCNVFTAMDVMCCTASIMTLCVISIDR - -~ =YLGIT
~RAEKVVIGSILTLITLLTIAGNCLVVISVCFVEKLROP-SNYLIVSLALADLSVAVAVIPFVSVTDLIG-GKWIFGHFFCNVFIAMDVMCCTASIMTLCVISIDR- -~ =YLGIT
-RVEKVVIGSILTLITLLTIAGNCLVVISVCFVEKLRQP-SNYLIVSLALADLSVAVAVMPFVSYTOLIG-CGKWIFGHFFCNVFIAMDVMCCTASIMTLCVISIDR--- -YLGIT

~RVEKVVIGSILTLITLLTIAGNCLVVISVCFVKKLRQP-SNYLIVSLALADLSVAVAVMPFVSVTDLIG-CGKWIFGHFFCNVFIAMDVMCCTASIMTLCVISIDR-
~RAEKVVIGSILTLITLLTIAGNCLVVISVCFVKKLRQP-SNYLIVSLALADLSVAVAVMPFYSVTDLIG-GKWIFGHFFCNVFIAMDVMCCTASIMTLCVISIDR-
-RAEKVLIGGVLTMLTLSTICGNLLVVISVCFVKKLROQP-SNYLIVSLAVADLSVALAVMPFVSITOLIG-GOWVFGQFFCNVFIAMDVMCCTASIMTLCVISIDR---
-DTEKIVIGAVLSITILMTIAGNGLVIISVCIVEKLRQP-SNYLVVSLAAADLSVAFAVMPRVTITOLVG-GEWL FGKVFCNYFIAMDVMCCTASIMTLCIISVDR---
~DTEKIVIGVWLSIITLFTIAGNALVITSVCIVEKLROQP-SNYLVVSLAAADLSVAVAVMPFVIITOLVG-GEWL FGKVFCNVFIAMDVMCCTASIMTLCVISVDR------- -~ YLGIT
-RPOKIFIGVMLATITAVTVMGNTLYVIAYSYVKKLRQP-SNYLLVSLAVADLSVATVYMPFVIVTOLTG-GKWLFGEVFCNIFIGMDVMCCTASIMTLCVISVDRPPQIQCIFWYLGIT
-SVEKVVLLTFLSAVILMAILGNLLYMVAVCRDROLRKIKTNY FIVSLAFADLLYVSVLVMPFGATELVO--DIWVYGEMFCLVRTSLOVLLTTASIFHLCCISLDR---——----
~SVEKVVLLTFLSTVILMAILGNLLVMVAVOWDROLRKIKTNY FIVSLAFADLLVSVLVMPFCATELVO--DIWIYGEVFCLVRTSLDVLLTTASIFHLCCISLDR---
=SVEKVVLLTFLAVVILMATLGNLLYMVAVCRORQLRKIKTNYFIVSLAFADLLVSVLYMPFGATELVO--DIWAYGEMFCLVRTSLOVLLTTASIFHLCCISLDR------~-~
~SVEKVVLLTFFAMVILMAILGNLLVMVAVCRDRQLRKIKTNY FIVSLAFADLLVSVLVNAFGATELV]--DIWFYGEMFCLVRTSLOVLLTTASIFHLCCISLDR---——-—-
-SVEKVVLLTFVSAVILMAVLGNLLVMVAVCRDROLRKIKTNY FIVSLAFADLLVSVLVMPFGATELVO--DVWIYGEMFCLVRTSLOVLLTTASIFHLCCISLDR---
~VAEKIVLLTFISAVILMAILGNLLVMVAVCRDROLRKIKTNYFIVSLAFADLLYSVLVMPFGATELVO--DNWIYGEMFCLVRTSLOVLLTTASILHLCCISLDR---
————————————————— MSTILGNLLVMVAVCRDRQLRKIKTNYFIVSLAFADLLVSYLVMPFGATELVH--OHWIYGETFCLVRTSLDVLLTTASILHLCCIALDR-~~
~LOEKNWSALLTAVWIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPVS -MLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCAISLDR---
~LOQEKNWSALLTAWIILTIAGNILVIMAYSLEKKLONA-TNY FLMSLATADMLLGFLVMPYS-MLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCATISLDR---
~LOEKNWSALLTAVWIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPYVS-MLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCAISLDR-
~LOEKNWSALLTAVVIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPYS-MLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCAISLDR---
~LOEKNWSALLTAVVIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPYS-MLTILYGYRWPLPSKLCAVWIYLOVLFSTASIMHLCAISLDR---
~LOEKNWSALLTAVVIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPVS-MLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCAISLDR-
~LOEKNWSALLTTVWIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPVS-MLTILYGYRWPLPSKLCAVWIYLOVLFSTASIMHLCAISLDR-
~LOEKNWSALLTTVWIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPVS -MLTILYGYRWPLPSKLCATWIYLOVLFSTASIMHLCATISLDR-
~LOEKNWSALLTAVVIILTIAGNILVIMAVSLEKKLONA-TNYFLMSLATADMLLGFLVMPYS-TLTILYGYRWPLPSKLCAVWIYLDVLFSTASIMHLCAISLDR---
~DOVONWPALSIVIIIILTICGNILVIMAVSLEKKLHNA-TNYFLMSLATADMLVGLLVMPLS -LLAILYDYVWPLPRYLCPVWISLOVLFSTASIMHLCAISLDR---
~DGVONWPALSIVIIIIMTIGGNILVIMAVSMEKKLHNA-TNYFLMSLATADMLVGLLVMPLS -LLAILYDYVWPLPRYLCPVWISLDVLFSTASIMHLCAISLDR---
~DGVONWPALSIVVIIIMTIGGNILVIMAVSMEKKLHNA-TNYFLMSLATADMLVGLLVMPLS - LLAILYDYVWPLPRYLCPVWISLOVLFSTASIMHLCAISLDR---
~DGVONWPALSIVVITIMTIGGNILYIMAVSMEKKLHNA=TNY FLMSLATADMLVGLLVMPLS- LLAILYDYVWPLPRYLCPYWISLOVLFSTASIMHLCATSLDR--~
~GHTVHWAALLILAVIIPTIGGNILVILAVALEKRLOYA-TNYFLMSLATADLLVGLFVMPIA-LLTIMFEAIWPLPLALCPAWLFLDVLFSTASIMHLCAISLDR---
~GNTVHWAALLIFAVIIPTIGGNILVILAVSLEKRLQYA-TNYFLMSLAVADLLVGLFVMPIA-LLTIMFEATWPLPLALCPAWLFLDVLFSTASIMHLCAISLDR- -~
~CNKLHWAALLILMVITIPTIGGNTLVILAVSLEKKLOYA-TNYFLMSLAVADLLVGLFVMPIA-LLTIMFEAMWPLPLVLCPAWLFLDVLFSTASIMHLCAISVOR---
~VPEKCWLALLTLMVIVPTIGGNILVIMATSLEKKLONA-TNYFLMSLAVADLLVGI FVMPVA-LINIL FNQVWOLPQOVCATWLFLDVLFSTASIMHLCATSLDR---
~CLELNWAALLTVMVITPTIGCNTLVILAVWLEKKLONA-TNFFLMSLAVADLLVGLLVMPTA-LITILYDSOWPLPEPLCPIWLFLDVLFSTASIMHLCATSLDR- -~
-PGGSCWVAAALCVVIALTAAANSLLIALICTQPALRNT-SNFFLVSLFTSDLMVGLVVMPPA-MLNALYG-RWVLARGLCLLWTAFDVMCCSASTLNLCLISLDR- -~
-PGGSGWVAAALCVVIALTAAANSLLIALTICTQPALRNT -SNFFLVSLFTSDLMVGLVVMPPA-MLNALYG-RWVLARGLCLLWTAFDVMCCSASILNLCLISLDR--~
~PGGSGWVAAALCVVIVLTAAANSLLTALTCTQPALRNT-SNFFLVSLFTSDLMVGLYVMPPA-MLNALYG-RWVLARGLCLLWTAFDVMCCSASILNLCLISLDR--~
- PGCSCWVAAALCVVIVLTAAANSLLIVLICTQPAVRNT - SNFFLVSLFTSDLMVCLVVMPPA-MLNAL YG-RWVLARGLCLLWTAFDVMCCSASTLNLCLISLDR--------~
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Fig. 2. Clustal W (1.82) multiple sequence alignment of 104 vertebrate serotonin receptors. Amino-terminus and carboxy-
terminus have been removed for clarity. Completely conserved residues are marked with an asterik (*) under the alignment.
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45

SHT1A-CHIMPANZEE
SHT1A-GORILLA
SHT1A=-HUMAN
SHT1A-ORANGUTAN
SHT1A-DOG
SHT1A-FOX
S5HT1A-MOUSE
SHT1A-RAT
SHT1A-CHICKEN
SHT1A-BETA-FUGU
SHT1A-BETA-TETRACDON
SHT1A-TILAPIA
SHT1A-ALPHA-FUGU

SHT1A-ALPHA-TETRAODON

SHT1A-FROG
SHT1B-GORILLA
SHT1B-HUMAN
SHT1B-CHIMPANZEE
SHT1B-DOG
SHT1B-FOX
SHT1B-PIG
SHT1B-CHIN-HAMSTER
SHT1B-GOLD-HAMSTER
SHT1B-MOUSE
SHT1E-RAT
SHT1B=-MOLE=-RAT
SHT1B-GUINEA-PIG
SHT1E-RABBIT
SHT1B-DPOSSUM
SHT1B-CHICKEN
SHT1B-TETRAODON
SHT1D-CHIMPANZEE
SHT1D-HUMAN
SHT1D-PIG
SHT1D-RABEIT
SHT1D-MOUSE
SHT1D-RAT
SHT1D-GUINEA-PIG
SHT1D-DOG
SHT1D-FUGU
SHT1D-TILAPIA
SHT1E-GORILLA
SHT1E-HUMAN
SHT1E-DRANGUTAN
SHT1E-CHIMPANZEE
SHT1E-GUINEA-PIG
SHT1F-CHIMPANZEE
SHT1F-HUMAN
SHT1F-GORILLA
SHTLF-ORANGUTAN
SHT1F-GUINEA-PIG
SHT1F-PIG
SHT1F-MOUSE
SHT1F-RAT
SHT1F-CHICKEN
SHT1F-TETRAODON

[==mmmmmn TH--------- |
DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT - -~~~

L ]
———————————————————— EDRSDPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVE

DPIDYVNKRTPRRAAALTSLTWLIGFLISIPPMLGWRT
DPIDYVNKRTPR-PRALISLTWLIGFLISIPPILCGWRT - ===~
DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT

TTUo

EDRSDPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVK
-------------------- EDRSDPDACTISKDH=-=CYTIYSTFGAFYIPLLLMLVLYCRIFRAARFRIRKTVE

DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT -~~~ -P
DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT
DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT -~--~-P-

DPIDYVNKRTPRRAAALISLTWLIGFLISIPPMLGWRT-----P-

DPIDYVNKRTPRRAAVLISLTWLIGFLISIPPMLOWRT-----P-
EPIDYMKKRTPRRAAVLISVTWLVGFSISIPPMLIMRSOPSSMA
EPIDYMKKRTPRRAAVLISVTWLVGFSISIPPMLIMRHOPRSMA.
EPIDYMKKRTPRRAAVLI SVTWLVGFSISVPPMLIMRSOPSSMA
DPIDYVNKRTPRRAAVLISVTWLIGFSISIPPMLGWRS-
DPIDYVNKRTPRRAALLISVTWLIGFSISIPPMLGWRS
DPIDYVNKRTPRRAAVLISITWIVGFSISIPPMLOWRT-----P-
DAVEYSAKRTPKRAAVMIALVWVFSISISLPPFFWROAKA

EDRSDPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVE
EDRSDPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVE
~EDRSDPDACTISKOH--GYTIYSTFGAFY IPLLLMLVLYGRIFRAARFRIRKTVE
~EDRSNPNECTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVE
EDRSDPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFRAARFRIRKTVR
o -EDRSNPDACTISKDH--GYTIYSTFGAFYIPLLLMLVLYGRIFKAARFRIRKTVE
-EDRANSKQCKITQDP--WYTI¥STFGAFYIPLTLMLVLYCRIFKAARFRIRRTVR
- -EDRANSEQCKITODP--WYTIYSTFGAFYIPLTLMLVLYGRIFKAARFRIRRTVR.
-EDRANPKQCKIRQDP--WYTIYSTFGAFY IPLTLMLVLYCRIFKAARFRIRRTVR
~EDRANPDACIISQDP--GYTIYSTFGAFYIPLILMLVLYGRIFKAARFRIRKTVE
-EDRANPDACIISQDP--GYTIYSTFGAFYIPLILMLVLYCGRIFKAARFRIRKTVE
~EDRSDPNACRISEDP--GYTIYSTFGAFY IPLILMLVLYGKIFKAARFRIRKTVE

DAVEYSAKRTPKRAAVMIALVWVFSISISLPPFFWROAKA- -~
DAVEYSAKRTPKRAAVMIALVWVFSISISLPPFFWRQAKA-
DAVEY SAKRTPKRAAVMIALVWVFSISISLPPFFWROAKA-
DAVEYSAKRTPKRAAVMIALVWVFSISISLPPFFWROAKA-
DAVEYSAKRTPKRAAVMIALVWVFSISISLPPFFWRQAKA-
DAVEYAAKRTPKRAAIMIALVWVFSISISLPPFFWROAKA--

EEEVSE-CVWNTDHI-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
-=EEEVSE-CVWNTDHI-LYTVYSTVGAFYFPTLLLIALYCRIYVEARSRILKQTP
-EEEVSE-CVWNTDHI-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
=EEEVSD-CVVNTDHI-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
~EEEVSD-CVWNTDHI-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
~EEEVSD-CVWNTOHI-LYTVYSTVGASYFPTLLLIALYGRIYVEARSRILKQTP
~~EEEVLT-CLVNTOHV-LYTVYSTGGAFYLPTLLLIALYGRIYVEARSRILKQTP

DAVEYSAKRTPKRAATMIALVWVFSISISLPPFFWROAKA
DAVEYSAKRTPKRAATMIVLVWVFSISISLPPFFWROAKA- -~
DAVDYSAKRTPKRAATMIVLVWVFSISISLPPFFWROAKA

EEEVLD-CFVNTDHV-LYTVYSTGCGAFYLPTLLLIALYGRIYVEARSRILKQTP
~EEEMLD-CFVNTDHV-LYTVYSTVGAFYLPTLLLIALYGRIYVEARSRILKQTP

DAVEYSAKRTPRRAAVMIALVWVFSISISLPRFFWROAKA-
DAVGY SAKRTPRRAAGMIALVWVFSICISLPPFFWROQAKA-
DAVEYSAKRTPKRAATMIRLVWVFSICISLPPFFWRQAKA-
DAVEYSAKRTPKRAAGMIIMVIWVFSVSISMPPLFWROAKA-
DAVEYSTKRTPKRAAGMIALVWVFSICISMPPLFWROAKA-
DAVEYSKKRTPGRAACMIATAWVIATSISLPPFFWROVKA=-
DALEYSKRRTAGHAATMIATIVWATSICISIPPLFWRQAKA-
DALEYSKRRTACHAATMIAIVWAISICISIPPLFWROAKA-
DALEYSKRRTAGHAAAMIAIVWAISICISIPPLFWROARA-

EEEVLD-CFVNTDHV-LYTVYSTVGAFYLPTLLLIALYGRIYVEARSRILKQTP
=EEEVLD-CLVNTDHV-LYTVYSTVGAFYLPTLLLIALYGRIYVEARSRILKQTP
~EEEVLD-CLVNTDHV-LYTVYSTCGAFYLPTLLLIALYGRIYVEARSRILKQTP
-EEEVSE-CLVNTDHV-LYTVYSTVGAFYLPTLLLIALYGRIYVEARSRILKQTP
EEVAD-CSVNTDHI-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
EEASN-CAVNTDHV-LYTVYSTVGAFYFPTLLLIALYGRIYVEARSRILKQTP
==EEVTS=-CNVNTDHI-FYTIYSTFGAFYIPTLLLIALYCGRIYVEARKRILK(S-
-QEEMSD-CLVNTSQI-SYTIYSTCGAFYIPSVLLIILYCRIYRAARNRILNPP-
=QEEMSD-CLVNTSQI-SYTIYSTCGAFYIPSVLLITLYGRIYRAARNRILNPP-
~HEEISD-CLVNTSQI-SYTIYSTCGAFYIPSLLLIILYGRIYRAARNRILNPP-

DALEYSKRRTAGHAAAMIAVVWATSICISIPPLFWRQAKA-
DALEYSKRRTAGHAAAMIAAVWIISICISIPPLFWROQATA---~
DALEYSKRRTAGHAAAMIAAVWAISICISIPPLFWROATA

- HEEVSD-CLVNTSOI-SYTIYSTCGAFYIPSVLLIVLYGRIYMAARNRILNPP-
————————————————————— HEEMSD-CLVNTSQI-SYTIYSTCCAFYIPSILLIILYGRIYVAARSRILNPP-

DALEYSKRRTAGHAGAMIAAVWVISICISIPPLFWRQAQA---~

HEEMSD-CLVNTSQI-SYTIYSTCGAFYIPSILLIILYGRIYVAARSRILNPP-
--------------------- QEEMSD-CLVNTSOQI-SYTIYSTCOAFYIPSVLLIILYSRIYRAARSRILNPP-

DALEYSKRRTAGRAAVMIATVWVISICISIPPLFWROAKA
DALEYSKRRTMRRAAVMVAVVIWVISISISMPPL FWROAKA-

NATEYARKRTAKRAALMILTVWTISIFISMPPLFWRSHRR-
NATEYARKRTAKRAALMILTVWTISIFISMPPLFWRSHRR-
NATEYARKRTAKRAALMILTVWTISIFISMPPLFWRSHRR--~
NATEYARKRTAKRAGLMILTVWTISIFISMPPLFWRSHRO-

QEDMSD-COVNTSQI-SYTIYSTCGAFYIPSVLLITILYGRIYVAARNRILNPP-
~HEELKE-CMVNTDQI-SYTLYSTFGAFYVPTVLLIILYGRIYVAARSRIFKTP-

====LSPSPSQCTIQHDHV-IYTIYSTLGAFYIPLTLILILYYRIYHAAKSLYQKRCS

DAVEYARKRTPKHAGIMITIVWIISVFISMPPLFWRHOG- -
DAVEYARKRTPKHAGIMITIVWIISVFISMPPLFWRHOG- -

LSPPPSQCTIOHDHY-IYTIYSTFGAFYIPLTLILILYYRIYHAAKSLYQKRGS
TSRDDECIIKHDHI-VSTIYSTFGAFYIPLALILILYYKIYRAAKTLYHKRQA
TSRDDECTIKHDHI-VSTIYSTFGAFYIPLALILILYYKIYRAAKTLYHKRQA

DAVEYARKRTPKHAGIMITIVWIISVFISMPPLFWRHOG
DAVEYARKRTPKHAGIMITIVWIISVFISMPPLFWRHOG--
DAVEYARKRTPKOAGIMITIVWIISVFISMPPLFWRHOG--
DAVEYAQKRTPKQAGIMITIVWIISIFISMPPLFWRHOQG ===~
DAVEYARKRTPRHAGIMITIVWVISVFISMPPLFWRHOG--

- ~TSRDDECIIKHDHI-VSTIYSTFGAFYIPLALILILYYKIYRAAKTLYHKRQA
TSRODECIIKHDHI-VSTIYSTFGAFYIPLALILILYYKIYRAAKTLYHKRQA
TSRDDECTIIKHDHI-VSTIYSTFGAFYIPLVLILILYYKIYKAAKTLYHKRQA
---------------------- TSRDDECIIKHOHI-VSTIYSTFGAFYIPLTLILILYYKIYKAAKTLYHKRQA

DAVEYARKRTPRHAGITITTVWVISVFISVPPLFWRHOG

~TSRODECVIKHDHI-VSTIYSTFGAFYIPLVLILILYYKIYRAARTLYHKRQA

DAVEYARKRTPKHAGIMIAVVWIISIFISMPPLFWRHQT ---~
DAVEYSRKRTGARAGOMVAVVWLLSILISLPPLLWRHFTE---

---NSRDDQCIIKHDHI-VSTIYSTFGAFYIPLVLILILYYKIYRAARTLYHKRQA

==TSRODECIIKHDHI-VSTIYSTFGAFYIPLALILILYYKIYKAAKT-FHRRSV

----D5SEQEDQCIITHHHI-AFTLYSTFCGAFYIPLLLILILYYKIYRAAQTLYMRREA
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Lo s ] e ] |
RHLEYTLRTRKRVSNVMILLTWALSTVISLAPLLFGWGET === === == e e e e e YSEPSEECQVSREP--SYTVFSTVGAFYLPLWLVLFVYWKIYRAAKFRMGSRKTN
RHLEYTLRARKRVSNVMILLTWALSAVISLAPLLFGWCET -YSELSEECQVSREP--SYTVFSTVGAFYLPLCWWLFVYWKIYKAAKFRMGSRKTN
RHMEYTLRTRKCVSNVMIALTWALSAVISLAPLLFGWGET ~YSEGSEECQVSREP--SYAVFSTVGAFYLPLCWLFVYWKIYKAAKFRVGSRKTN
CHLEYTTRARKRASNVMIALTWALSAVISLAPLLFGWGET =YSEHREECQVSREP--SYAVFSTVGAFYLPLCVWLFVYWKIYKAAKLRVGARKTN
RHLEYTLKTRKRISNVMIGLTWLLSSVISLSP-LFGWCET: =YSEDSLACQVSQEP--SYTVFSTFGAFYLPLCVWLFVYWKIYKAAKFRIGSRKTN
RHLQYTLKTRKKISNVMIALTWLLSSIISLSP-LFGWGGT ~YSEG-MKCQMSQEP--SYTIFSTFGAFYLPLCVWLFVYWKIYKAAKFRIGSRKTN
RHLEYTLRTRRRISNIMIALTWVLSAFISLAPLLFGWGET -YSEDSEECQVSQEP--SYTIFSTFGAFYLPLOWLFVYWKIYKAAKFRIGSRKSN
RHLQYTLRTRSRASALMIATTWALSALIALAPLLFGWGEA -YDARLQRCQVSQEP--SYAVFSTCGAFYLPLAVVLFVYWKIYKAAKFRFG-RRRR
RHLQYTLRTRRRASALMIAITWALSALIALAPLLFGWCEA -YDARLQRCOVSQEP-~SYAVFSTCGAFYVPLAVVLFVYWKIYKAAKFRFG-RRRR
RPLTYPVRQNGKCMAKMILSVWPLSASITLPPLFGWAQN- ==VNDDKVCLISQDF--GYTIYSTAVAFY IPMSVMLFMYYQIYKAARKSAAKHKFS
RPLTYPVRQNGKCMAKMILSVWLLSASITLPPLFGWAQN- -=VNDDKVCLISQDF--GYTIYSTAVAFY IPMSVMLFMYYQIYKAARKSAAKHKFP
RPLTYPVRQNGKCMPKMILSVWLLSASITLPPLFGWAQN- ~-=VNDDKVCLISQDF--CYTIYSTAVAFYIPMSVMLFMYYRIYKAARKSAAKHKFP
RPLTYPVRQNGKCMAKMILSVWLLSASITLPPLFGWAQN === === === mmm o e o e VNDDKVCLISQDF~-~-GYTIYSTAVAFY IPMSVML FMYYQIYKAARKSAAKHKFP
RPLTYPVRQNGKCMAKMILSVWLLSASITLPPLFGWAQN === === === mmm e e e e e VNDDKVCLISQDF--GYTIYSTAVAFY IPMSVMLFMYYQIYKAARKSAAKHKFP
RPLTYPVRONGKCMAKMILSVWLLSASITLPPLFGWAQN- ~-VNDDKVCLISQDF--GYTIYSTAVAFYIPMSVMLFMYYQLYKAARKSAAKHKFP
NPLTYPVRONGCCMAKMILSVWLLSASITLPPLFGWAQN- ==VNDGRVCLISQODF --GYTVYSTAVAFY IPMSVMLIMYYRIYRAAKLSAAKHTIT
RPLTYPVRQNGKLMAKMVFIVWLLSASITLPPLFGWAKN- =VTVERVCLISQDF--GYTVYSTGVAFY IPMAVMLYMY SRIYKAAKVSAEKHRFM
RPLTYPARQNGKLMAKMVFIVWLLSASITLPPLFGWAKN- ==VNVERVCLISQDF--GYTVYSTAVAFY IPMTVMLVMYQRIFVAAKISAEKHKFV
RPLTYPARQNGQLMAKMILGVWLYSASITLPPFCOWAKN- - == - === mmmmmmm e oo VHKDGVCLISQDF--GYTIYSTAVAFY IPMLVMLVMYYKIFRAARKSGAKHRFI
QPLVYRNKMTPLRIALMLGGCWVIPMFISFLPIMOGWNNIGIVD-~-~ LIEKRKFNQNSNSTYCVFMVNK-PYATTCSVVAFYIPFLLMVLAYYRIYVTAKEHARQIQVL
QPLVYRNKMTPLRIALMLGGCWVIPTFISFLPIMOGWNNIGIID-~~ LIEKRKFNQNSNSTYCVFMVNK-PYATITCSVVAFYIPFLLMVLAYYRIYVTAKEHAHQIOQML
QPLVYRNKMTPLRIALMLGGCWVLPMFISFLPIMQGWNNIGIVD--~ VIEKRKFSHNSNSTWCVFMVNK -PYATTCSVVAFYIPFLLMVLAYYRIYVTAKEHAQQIQML
QPLVYRNKMTPLRIALMLGGCWVIPMFISFLPIMOGWNNIGIVD-----mmmmmmm e e VIEKRKFNHNSNSTFCVFMVNK-PYAITCSVVAFYIPFLLMVLAYYRIYVTAKEHAQQIOQML
QPLVYRNKMTPLRVAVLLAGCWATPVLISFLPIMQGWNNIGITOLERTSKPRLGQDLHVIEKRKFHONSNSTYCIFMVNK - PYATTCSVVAFY IPFLLMVLAYWRIYVTAKEHAHQIQML
QPLVYRNKMTPLRIAVMLGGCOWVIPTFISFLPIMQGWNSIGIID LIQQROFNKASNSTYCIFMVNK -PYAITCSVVAFRYFPFLLMVLAYYRIYVTAREHARQIRVL
QPLVYRNKMTPTRVALMIGGCWVIPTFISFLPIMQGWNSIGIDH--- VIEQRRHSEATNSTSCVFMVNK -PYALTCSVVAFYIPLVLMVLAYQRIYVTARAHALQISML
NPIHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLO--------==--mmmmmmm o mm o DDSKVFKE-GSCLLADD---NFVLIGSFVSFFIPLTIMVITYFLTIKSLOKEATLCVS-
NPIHHRRFNSRTKAFLKITAVWTISVGISMPIPVFGLO---===--===-mmmmm e o e DDSKVFKE-GSCLLADD---NFVLIGSFVSFFIPLTIMVITYFLTIKSLQKEATLCVS-
NPIHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLQ- ~~DDSKVFKE-GSCLLADD---NFVLIGSFVSFFIPLTIMVITYFLTIKSLOKEATLCVS-
NPIHHSRFNSRTKAFLKIIAVWTISVGISMPIPVFGLQ- ==DDSKVFKE-GSCLLADD-~~-NFVLIGSFVSFFIPLTIMVITYFLTIKSLOQKEATLCVS-
NPIHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLQ- --DDSKVFKE-GSCLLADD-~--NFVLIGSFVSFFIPLTIMVITYFLTIKSLOKEATLCVS-
NPIHHSRFNSRTKAFLKITAVWTISVGVSMPIPVFGLQ- --DDSKVFKQ-GSCLLADD---NFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVS-
NPIHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLQ- ~--DDSKVFKE-GSCLLADD---NFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVS-
NPTHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLQ- -=DDSKVFKE-GSCLLADD-~-NFVLIGSFVAFFIPLTIMVITYFLTIKSLQKEATLCVS-
NPIHHSRFNSRTKAFLKITAVWTISVGISMPIPVFGLQ- ~-DD5KVFKE-GSCLLADE---NFVLIGSFVAFFIPLTIMVITYFLTIKSLOKEATLCVS-
NPVEHSRFNSRTKAIMKIATVWAISIGVSVPIPVIGLR- ~~DEEKVFVNNTTCVLNDP- - -NFVLIGSFVAFFIPLTIMVITYCLTIHVLRRQALMLLHG
NPIEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLR- ==DEEKVFVNNTTCVLNDP- - -NFVLIGSFVAFFIPLTIMVITYCLTIYVLRRQALMLLHG
NPIEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLR- --DESKVFVNNTTCVLNDP---NFVLIGSFVAFFIPLTIMVITYFLTIYVLRRQTLMLLRG
NPIEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLR- ~-DESKVFVNNTTCVLNDP---NFVLIGSFVAFFIPLTIMVITYFLTIYVLRRQTLMLLRG
KPIQANQCNTRATAFIKITVVWLISIGIAIPVPIKG--- ~TETDVINPHNVTCELTKDRFGSFMVFGSLAAFFVPLTIMVVTYFLTIHTLOKKAYLVKNK
KPIQANQCNSRTTAFVKITVVWLISIGIAIPVPIKG- ~-TEADVVNAHNITCELTKDRFGSFMLFGSLAAFFAPLTIMIVTYFLTIHALRKKAYLVRNR
KPIQANQYNSRATAFIKITVVWLISIGIAIPVPIKG- -IETDVDONPNNITCVLTKERFGDFMLFGSLAAFFTPLAIMIVTY FLTIHALQKKAYLVKNK
KPIQASQYNSRGKTLIKITVVIWVISAGIAFPIPIKGL--~ ~LDPNTTFSASYTCVIQVEPFKY FITYGSMAAFFVPFGIMVVIYFLTIHLLRKKAYLTKNK
KPIQHSQYKSRAKVMLKIALVWLISICIAIPIPIKGLRNYP- ~HPNNITFTSNHTCVLKTDTFQEFIIFGSLVAFFIPLTIMMITYFLTVRVLRKKVYLLRSK

SPLRYKLRMTPLRALALVLGAWSLAALASFLPLLLGWH--===-=-cmmmmmmem oo ELGHARPPVPGQCRLLAS--LPFVLVASGLTFFLPSGAICFTYCRILLAARKQAVQVASL
SPLRYKLRMTPPRALALVLGAWSLAALASFLPLLLGWH--—=—----mmmmm e mme oo ELGHARPPVPGQCRLLAS--LPFVLVASGLTFFLPSGAICFTYCRILLAARKQAVQVASL
SPLRYKLRMTAPRALALILGAWSLAALASFLPLLLGWH- -ELGKARTSAPGQCRLLAS-~LPYVLVASGVTFFLPSGAICFTYCRILLAARKQAVQVASL
SPLRYKLRMTAPRALALILGAWSLAALASFLPLLLGWH= === === s e e ELGKARTPAPGQCRLLAS--LPFVLVASGVTFFLPSGAICFTYCRILLAARKQAVQVASL

. . * . P . *

Fig. 2. (continued)
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SHT1B-GOLD-HAMSTER
SHT1B-MOUSE
SHT1B-RAT
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SHT1B-GUINEA-PIG
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SHT1B-0POSSUM
SHT1B-CHICKEN
SHT1B-TETRAODON
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SHT1D-HUMAN
SHT1D-PIG
SHT1D-RABBIT
SHT1D-MOUSE
SHT1D-RAT
SHT1D-GUINEA-PIG
SHT1D-DOG
SHT1D-FUGU
SHT1D-TILAPIA
SHT1E-GORILLA
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SHT1E-GUINEA-PIG
SHT1F-CHIMPANZEE
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SHT1F-GUINEA-PIG
SHT1F-PIG
SHT1F-MOUSE
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SHT1F-CHICKEN
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KVEKT -G mmmmmm = mmm = ADTRHGASPAQQPKKSVNGESGSRNWRLGVESK ==~~~ AGGALCANGAVRQ--~--~~ GDDGAALEVIEVHRVGNS-KEHL PLPSEAGPTPCAPASFERK
KVEKT-G - ADTRHGASPAPQPKKSVNGE SGSRNWRLGVE SK - - - = - ~AGGALCANGAVRQ- - - - - -GDDGAAL EVIEVHRVGNS ~KEHL PLPSEAGPTPCAPAS FERK
KVEKT-G - ADTRHGASPAPQPKKSVNGE SGSRNWRL GVE SK - —- - -~ AGGALCANGAVRQ-- - - - -GODGAAL EVIEVHRVGNS -KEHL PLPSEAGPTPCAPASFERK
KVEKT-G -~ ADTHHGASPAPQPKKSVNGE SGSRNWRLGVE SK - —- - -~ AGGGLCANGAVRQ- - - - - -GDDGAAL EVIEVHRVGNS -KEHL PLPSEAGPTPCAPAS FERK
KAERK-G -~ ADARSGVSPAPQPRK SYNGEPGGREWRQGPGSQ- —- - - ~AGGPLCTNGAVRR - - - - - -GDDGAAL EVIEVHRVGSS -KEHL PLPCEAGAT PCAPAS FEKK
KAERK-G -~ ADARSGVSPAPQPRKSVNGE PGGREWRQGPGSK -~ - -~ AGGPLCTNGAVRR -- - - - -GDDGAAL EVIEVHRVGSS-KEHL PLPSEAGATPCAPAS FEKK
KVEKK-G -~AGTSFGTSSAPPPKKSLNGOPGSCOCRRSAENR - - - - - ~AVGTPCANGAVRQ- - - - - ~GEDDATLEVIEVHRVGNS - KGHLPLPSESGAT SYVPACLERK
KVEKK-G ~AGTSLGTSSAPPPKKSLNGOPGSGDWRRCAENR - - - - -~ AVGTPCTNGAVRQ-- - - - -GDDEATLEVIEVHRVGNS -KEHL PLPSESGSNSYAPACLERK
KAEKKKI-- ~ADTCLTLSPAALOKKS -NGEPCKG-WRRTVEPR -~ - - - - 5G- - ACYNGAVRQ - - - - - -GEDGAALEVIEVQRCS SSSKTHLPLPSEACGSP-PPPSFERR
KTEKKKV-- ~SDTCLALSPAMFHRKT - PGDAHGKSWKRSVEPR - - - - - - P~ - L PNVNGAVKH - - - - - ~AGEGESLDITEVQ-- SN5-RCNLPLPN- - - ~-TPGTVPLFENR
KTEKQKY-- - SDSCLAL SPAMFHRKT - PROAQGKSWKRSVEPQ- - - - - - P~ LPNVNGAVKH- - - - - ~AEEGESLETTEVQ- - SNF-KGSLPLPN- - - -APSTVPLFENR
KTEKKKV-- ~SDSCLAL SPALFHKKV-QGDTQAKSWKRSVEPR - - - - - P~ - L PSVNGAVRH- - - - - ~AEDGESLETTEVH- -KHS -KGNLPLPN - - - ~TPSSVPLFESR
KTEKAKA-- ~SDMCLTLSPAVFHKRA-NGDAVSAEWKRGYKFK - ~- - - - PS- SPCANGAVRH -~ - - - -GEEMESLETTEVN-- SNS-KTHLPLPN - - -~ TPQS5-SHENT
KTETAKT-- ~SEMCLTLSPAVFHKRA-NGDAVSADWKRGYK FK - —- -~ PS—SPCVNGAVRH-- - - - -GEEMESLEILEVS -~ SNS-KTHLPLPN- - --TPQS5-SHENT
KAEKKKV= ===~ == oz aemy ADTCLSVSQUSPKEKQ-RGAQQELEEVGGAQAQ- -~ - -R- - -~CVNGAIRH-- - -~ ~GEEGAVLETTEVH
NRTGKR LTRAQLITDS PGSTSSVTSINSR------VPDVP-SESG--
NRTGKR- --LTRAQLITDS- ~PGSTSSVTSINSR--=---VPDVP-SESG-
NRTGKR- --LTRAQLITDS- ~PGSTSSVTSINSR- -----VPDVP-SESG-
NRTGKR- --LTRAQLITDS- ~PGSTSSVTSVNSR- ==~ ~APDVP-SESG-
NRTGKR-- - == === m= = LTRAQLITDS -~~~ PGSTSSVTSVNSR------APDVP-SESG-
NRTGKR LTRAQLITDS PCSTSSVTSINSR------APDLP-SESG-
NKTCKR LTRAQLITDS PGSTTSVTSINSR------APDLP-SESG-
NKTGKR LTRAQLITDS PGSTTSVTSINSR------APDVP-SESG-
NKTGKR=== === === mmm = LTRAQLITDS-====-==~ PGSTSSVTSINSR------APDVP-SESG-
NKTGKR- --LTRAQLITDS- ~PGSTSSVTSINSR- -~ - --VPEVP-SESG~
NKTGKR- --LSRAQLISDS- ~PGSTSSVTSINSR- -~ ---VPOVP-SESG-
NKTGKR==============~ LTRAQLITDS--==-===~ PGSTSSVTSINSR------APEVP-CDSG-
NRTGKR LTRAQLITDS PGSTTSVTSINSR------APDVP-SESG-
NRTGKR LTRAQLITDS PGSSSSGTSINSR------APEGP-SESG-
KKAGKR LTRAQLITDS PGCSSSSVTSINSK------APEGP-SETG-
HKPGKR= === === m= = LTSAHLITNS-------=~ PGSVASSTSLNYG------TTDSSSCOTT-
SLYGKR- FTTAHLITGS ----AGS--SLCSLNS-------SLHEGHSHSA-
SLYGKR- -~FTTAHLITGS- ~AGS--SLCSLNS- ~SLHEGHSHSA-
SLYGKR- ~~FTTAHLITGS- -AGS--SLCSLNP- ~SLHEEHAHSA-
SLYGKR- -~ FTTAHLITGS- -AGS--SLCSLSP- ~SLGEGHSHSA-
SLYGKR--=-=mmmmmmmmmm L[y [ — AGS--SLCSLNP- ~SLHESHTHTV-
SLYGKR-- FTTAQLITGS AGS--SLCSLNP---—--- SLHESHTHTV-
SLEGHR===~tmm st FTTAHLITGS AGS--SLCSLNP SLHEGHMHP -~
SLYGKR FTTAQLITGS AGS--SLCSLSP---—-—- SLOEERSHAA- - --GPPLFFNHVQVK
SYSCKR FTTAQLIQTS AGS--SLCSLNSA------SNQEAHLHSG- - - ~AGGEGGGSPL FVNSVKVK
SSSGKR FTTAQLIQTS AGS--SLCSLNSS -~~~ - SHHEAHL HSGNAGGVGGGGGGSPLFMNSVKVE -
SRHLSNR-~ --STDSQNSFA--

--STDSQNSFA-~

STDSQNSFA==========m===

STDSQNSFA
STOSQNSFA-——-——-—-————-
EVNGQVLLE
EVNGQVLLE

ELNCOVLLE
EVNGQVLLD---------
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EAMEVKDS 4
TITPMA- === === == === mmmmmmmmmmmmmm e mmm EVIEVKEA------ ERQPQMAFTVR- === ===~ HATVSFQ- === == === mmmmmmmmm e mmme

--LSRLLKH
==LSRLLKH

--VEPDSVIALNG-- ==LSRLLKH--~-~
--VEPDSVIALNG------IVKLQKEVEECAN-~ --LSRLLKH-
------------------------------------ ~-MVKLOQKEVEECAN-- ~=LSRLLKH= ==
GFPRQGEHGhPAAPRGGEGGRA?PQSTVSEETRRVEGE“EVEEESLDCVAA ------ ALKLQREVEEECST- ~RVSRLLKTGEYH-~~~
HYEEEGVYCLEASSRCGHPSSKRTKAVEECAT -~ ==LSKLLRQ-======m=meemercn e cme e e
LYEQEGIYCLEDKLPPKKNSKKKKAVEEFAS-- --LSKLIRQ-

RLETEANEALRMQG----~ LKPAGVAEECAA-======-- LSRLLNR==== === == mm e mmmm e

DLSTRAKL
DLSTRAKL

HTEEPPG-~
HTEEELRN

HTEEELAN-~~~~=~=======~=====mm =~~~ MSLNFLNCCCKKNGGEEENAPNPNPDQ~~ -~~~ ===~~~ omm ~---KPRR-K
PPQRLTRW= === == m s mm e e e e e s TYPTVF L= = mm e e e -==VAMLDGSHRDKILPN-- ~=SSDETLMR
PPQRLTRW-~~ -~ ~MVMLDGSHKDKILPN-~ ~~STDETLMR
PPQRLTWL -~ ~VAMLDGSRKDKALPN- - --SGDETLMR
PPQRLTWS ---RDATPGSS5-PEK---------- TAMIEGARKDGTLSI-- --TGEELPIR

--~REQAANPPQPEQP- -DSTGNSLARTQEKTDTDGMSSP- - --TGDEKSFR

Fig. 2. (continued)
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NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPTLLGATINWLGY SNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPTLLGATINWLGYSNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPTLLGATINWLGY SNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS-~-CHMPTLLGATINWLGYSNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPTLLGATINWLGY SNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPTLLGATINWLGY SNSLLNPVIYAYF
NERTAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS-~-CHMPELLCATINWLGY SNSLLNPVIYAYF
NERNAEAKRKMALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCESS---CHMPALLGATINWLGY SNSLLNPVIYAYF
NEKNTEAKRRMALSREKKTVKTLGIIMGTFILCWLPFFIVALVLPFCDSK---CYMPEWLGAVINWLGY SNSLLNPIIYAYF
HEKATETKRKIALARERKTVKTLGIIMGTFILCWLPFFIVALVMPFCQES---CFMPHWLKDVINWLGYSNSLLNPIIYAYF
QEKATETKRKIALARERKTVKTLGIIMGTFILCWLPFFIVALIMPFCQET---CYMPHWLRDVINWLGYSNSLLNPIIYAYF
HEKATEAKRKIALARERKTVKTLGIIMGTFILCWLPFFIVALVMPFCQES---CYMPRWLEDVINWLGY SNSLLNPIIYAYF
NEKTTGTRREIALARERKTVKTLGIIMGTFIFCWLPFFIVALVLPFCAEN---CYMPEWLGAVINWLGY SNSLLNPIIYAYF
NEKATGTKRKIALARERKTVKTLCIIMGTFIFCWLRFFIVALVLPFCAEN---CYMPEWLCAVINWLCY SNSLLNPIIYAYF
NDRATEAKRKVALARERKTVKTLGIIMGTFILCWLPFFIVALVLPFCET ----CHMPHLLFDIITWLGY SNSLLNPIIYAYF
VSDALLEKKKLMAARERKATKTLGITLGAFIVCWLPFFIISLVMPICKDA- - -CWFHLATFDFFTWLGY LNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLVMPICKDA- - -CWFHLATIFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLYMPICKDA---CWFHLATFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLVMPICKDA---CWFHLATFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLVMPICKDA---CWFHLATFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLAMPICKDA- - -CWFHLAIFDFFTWLGYLNSLINPITYTMF
VSDALLEKKKLMAARERKATKTLGIILGAFIVOWLPFFIISLVMPICKDA---CWFHMATLDFFNWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLCIILGAFIVCWLPFFIISLYMPICKDA- - -CWFHMATFDFFNWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGITLGAFIVCWLPFFIISLVMPICKDA- - -CWFHMATFDFFNWLGYLNSLINPITIYTMS
VSDALLEKKKLMAARERKATKTLGITLGAFIVCWLPFFIISLVMPICKDA- - - CWFHMATFOFFNWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGAFIVCWLPFFIISLVMPICKDA- - -CWFHMATFDFFNWLGYLNSLINPITYTMP
VSDALLEKKKLMAARERKATKTLGVILGAFIVCWLPFFIISLVMPICKDA---CWFHMATFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKKLMAARERKATKTLGIILGVFIVCWLPFFIISLVMPICKDA- - -CWFHQATFDFFTWLGYVNSLINPITIYTMS
VSDALLEKKKLMAARERKATRTLGIILGAFIVCWLPFFIISLALPICDDA---CWFHLAIFDFFNWLGYLNSLINPIIYTKS
VSDALLEKKKLTAARERKATKTLGIILGAFIVCWLPFFIISLVLPICKDA---CWFHMATFDFFTWLGYLNSLINPIIYTMS
VSDALLEKKRISAARERKATKTLOVILGAYIVCWLPFFIYTLLLPYCES--~~-CFHAELFDSFTWLGYLNSLINPIIYTMS
LADSALERKRISAARERKATKTLGIILGAFIICWLPFFVVSLVLPICRDS---CWIHPALFDFFTWLGYLNSLINPIIYTVF
LADSALERKRISAARERKATRKILGITLGAFIICWLPFRVVSLVLPICRDS---CWIHPALFDFFTWLGYLNSLINPIIYTVF
LADSVLERKRISAARERKATKTLGIILGAFIICWLPFFVASLVLPICRDS- - -CWIHPALFDFFTWLGYLNSLINPIIYTVF
LADSVLERKRISAARERKATKTLGIILGAFIGCWLPFFVASLYLPICRDS---CWMPPGLFDFFTWLGYLNSLINPIIYTVF
LADSILERKRISAARERKATKTLGIILGAFIICWLRFFVWSLVLPICRDS-~-CWIHPALFDFFTWLGYLNSLINPVIYTVF
LADSILERKRISAARERKATKTLGIILGAFIICWLPFFVWSLVLPICRDS---CWIHPALFDFFTWLGYLNSLINPVIYTVF
LADSVLERKRISAARERKATKTLCIILGAFIVCWLPFRVVSLVLPICRDS---CWIHPALFDFFTWLGYLNSLINPIIYTVF
LAEGVLERKRISAARERKATKTLGIILGAFIVCWLPFFVASLVLPICRAS- - -CWLHPALFDFFTWLGYLNSLINPIIYTVF
LADNVLERKRLCAARERKATKTLGIILGAFIICWLPFRVWTLVYWAICKE-~-~-CSFDPLLFDVFTWLGYLNSLINPVIYTVF
LADNVLERKRLCAARERKATKTLCIILGAFIVCWLPFFIGTLYMAICKE- -~ -CWFDPVLFDIFTWLCYLNSLINPVIYTVF
DLOHPGERQOISSTRERKAARILGLILGAFILSWLPFFIKELIV-GL5-I---YTVS5EVADFLTWLGYVNSLINPLLYTSF
DLOHPGERQQISSTRERKAARILGLILGAFILSWLPFFIKELIV-GLS-I---YTVSSEVADFLTWLGYVNSLINPLLYTSF
DLOHPGERQQISSTRERKAARILGLILGAFILSWLPFFIKELIV-GLS-I---YTVSSEVADFLTWLGYVNSLINPLLYTSF
DLOHPGERQQISSTRERKAARILGLILGAFILSWLPFFIKELIV-CL5-I---YTVSSEVADFLTWLGYVNSLINPLLYTSF
DLDHPGERQQISSTRERKAARILGLILGAFILSWLPFFIKELIV-GLS-I---YTVSSEVGDFLTWLOYVNSLINPLLYTSF
KHEKSWRROKISGTRERKAATTLGLILGAFVICWLPFFVKELYV-NVCDK---CKISEEMSNFLAWLGYLNSLINPLIYTIF
KHEKSWRROKISCTRERKAATTLGLILGAFVICWLPFFVKELVV-NVCDK- - -CKISEEMSNFLAWLGYLNSLINPLIYTIF
KHEKSWRROKISGTRERKAATTLGLILGAFVICWLPFFVKELVV-NVCDK---CKISEEMSNFLAWLGYLNSLINPLIYTIF
KHEKSWRROKISCTRERKAATTLGLILGAFVICWLPFFVKELVV-NVCEK---CKISEEMSNFLTWLGYLNSLINPLIYTIF
RHEKSWRROKISGTRERKAATTLGLILGAFVICWLPFFVKELVV-NVCEK---CKISEEMANFLAWLGYLNSLINPLIYTIF
RHERSWRRQKISCTRERKAATTLGLILGAFVICWLPFFVKELYV-NVCEK-~--CKISEEMSNFLTWLGYLNSLINPMIYTIF
KHEKSWRROKISGTRERKAATTLGLILGAFVICWLPFFVKELVV-NVCEK---CKISEEMSNFLAWLGYLNSLINPLIYTIF
KHEKSWRROKISGTRERKAATTLGLILGAFVICWLPFFVKELYV-NICEK---CKISEEMSNFLAWLGYLNSLINPLIYTIF
KHEKSWKKQRISSTRERKAATTLGLILGAFVICWLPFFVKEVYY-NTCER=~-CHISEDMSNFLAWLGYINSLINPLIYTIF
RRSOFNQGPRISGSRERKAAYTLGLIIGAFIICWLPFFVKEVIV-NTCDS---CYTSVEMADFLTWLGY INSLINPLIYTIF
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SHTSA-MOUSE
SHTSA-RAT
SHTSA-HUMAN
SHT5A-GUINEA-PIC
SHTSA-ZEBRRAFISH
SHTSA-TETRAODON
SHT5A-CHICKEN
SHTSB-MOUSE
SHT5B-RAT
SHT7-MOUSE
SHT7-RAT
SHT7-CUINEA-PIG
SHT7-HUMAN
SHT7-CHIMPANZEE
SHT7-PIG
SHT7-TETRADDON
SHT7-CHICKEN
SHT7-FROG
SHT7x-TETRAODON
5HT4-GUINEA-PIG
SHT4-HUMAN
SHT4-MOUSE
SHT4-RAT
5HT4-PIG
SHT4-CHICKEN
SHT4-TETRAODON
SHTZA-HUMAN
SHT2A-PIC
SHTZA-ORANCUTAN
SHT2A-RHESUS
SHT2A-DOG
SHT2A-CHIN-HAMSTER
SHT2A-MOUSE
SHTZA-RAT
SHT2A-COW
SHT2C-DOG
SHT2C-HUMAN
SHT2C-MOUSE
SHT2C-RAT
SHT2B-MOUSE
SHTZB-RAT
SHT2B-HUMAN
5HT2B-FROG
SHT2B-TETRADDON
SHT6-HUMAN
SHT6-CHIMPANZEE
SHT6-MOUSE
SHTG-RAT

WOVPAIWKSIFLWLGYSNSFFNPLIYTAF

CDIPATWKSIFLWLGYSNSFFNPLIYTAF
KEQRAALMVGILIGVFVLCWIPFFVTELVGPLCS -~~~ -WDIPAIWKSIFLWLGYSNSFFNPLIYTAF
KERRAALMVGILIGVFVLCWIPFFLAELTIPLCS--~--CDIPPVWKSVFLWLGYSNSFFNPLIYTAF
KEKKAALMVGILIGVFVLCWIPFFITELIVPLCS CDIPPIWKSIFLWLGYSNSFFNPLIYTAF
KERRAALMVGILIGVFVLCWIPFFITELISPLCS CDIPPIWKSIFLWLGYSNSFFNPLIYTAF
KEKRAAMMVGILIGVFVLCWIPFFLTELTSPLCA-----CSLPPIWKSIFLWLGYSNSFENPLIYTAF
KEKRAAMMVGILIGVFVLOWIPFFLTELVSPLCA- -~ - CSLPPIWKSIFLWLGYSNSFFNPLIYTAF
————— ERKNISSFKREQKAATTLGIIVGAFTVCWLPFFLLSTARPFICGTSC-SCIPLWVERTCLWLGYANSLINPFIYSFF
~ERKNISIFKREQKAATTLGIIVGAFTVCWLPFFLLSTARPFICGTSC-SCIPLWVERTCLWLGYANSLINPFIVAFF
-ERKNISIFKREQKAATTLGITVGAFTVCWLPFFLLSTARPFICGTAC-SCIPLWVERTCLWLGYANSLINPFIYAFF
-ERKNISIFKREQKAATTLGIIVGAFTVCWLPFFLLSTARPFICGTSC-SCIPLWVERTFLWLGYANSLINPFIYAFF
-ERKNISIFKREQKAATTLGIIVGAFTVCWLPFFLLSTARPFICGTSC-SCIPLWVERTFLWLGYANSLINPFIYAFF
-ERKNISIFKREQKAATTLGIIVGAFTVCWLPFFLLSTARPFICGTAC-SCIPLWVERTFLWLGYANSLINPFIYAFE
QRRORKNOSTFKREQKAAATLGIVVGAFTFCWLPFFLYSTARPFVCGVEC-SCVPLWLERTLLWLGYANSLINPFIYAFF
-DRKNISIFKREQKAARTLGIIVGAFTFCWFRFFLMSTARPFICGIHC-SCLPLRLERTLLWLGYTNSLINPLIYAFF
~DRENISTFKREQKAARTLGIIVGAFTFCWLPFFLLSTARPFICGIMC-SCMPLRLERTLLWLGYTNSLINPLIVAFF
-ERRNISIFKREQKAATTLGVIVGVFGFCWLPFFILTTARPFICGVEC-SCVPFWLERTLLWLGYANSLMNPFIYAFF
ADQHSTHRMRTETKAAKTLCTIMGCFCLCWAPFFVTNIVDPFIDYT -~~~ VPGOLWTAFLWLGY INSCLNPFLYAFL
ADQHSTHRMRTETKAAKTLCIIMGCFCLCWAPFFVTNIVOPFIDYT-----VPGOVWTAFLWLGY INSGLNPFLYAFL
VPEQVWTAFLWLGY INSGLNPFLYAFL

POGHSTHRMKTETKAAKTLCTIMGCFCLCWAPFFYTNIVOPFINYT-----VPOKLWTAFLWLGY INSCLNPFLYAFL
~- =~ AEHQRNHRMRTETKAAKT LCIIMGCFCLOWAPFFITNVVDPFIDY T -~~~ VPOKLWAACLWLGY INSMLNPILYAFL
PGSYTGRRTMQSISNEQKACKVLCGIVFFLFVVMWCPFFITNIMAVICK-ESCNEDVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSY-GRRTMOS ISNEQKACKVLGIVFFLFVVMWCPFFITNIMAVICK -ESCNEDVICALLNVFVWIGYLSSAVNPLVYTLF
PGSYTGRRTMOS ISNEQKACKVLGIVFSLFVVMWCPFFITNIMAVICK-ESCNEDVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSYTGRRTMOS ISNEQKACKVLGIVFFLFVVMWCPFFITNIMAVICK - ESCNEDVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSY-GRRTMQS ISNEQKACKVLGIVFFLFVWMWCPFFITNIMAVICK-ESCNEDTIGALLNVFVWIGYLSSAVNPLVYTLF
PGSYTGRRTMOS ISNEQKACKVLGIVFFLFVVMWCPFFITNIMAVICK -ESCNEHVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSYAGRRTMQS ISNEQKACKVLGIVFFLFVWMWCPFFITNIMAVICK-ESCNENVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSYAGRRTMQS ISNEQKACKVLOGIVFFLFVYMWCPFFITNIMAVICK-ESCNENVIGALLNVFVWIGYLSSAVNPLVYTLF
PGSY -GRRTMOS ISNEQKACKVLGIVFFLFVWMWCPFFITNIMAVICK -ESCNROVIEALLNVFVWIGYLSSAVNPLVYTLF
KKERRPRGTMOAINNERKASKVLGIVFFVFLYMWCPFFITNILSVLCG-KACNQKLMEKLLNVFVWIGYVCSGINPLVYTLF
KKERRPRGTMOAINNERKASKVLGIVFFVFLIMWCPFFITNILSVLCE-KSCNQKLMEKLLNVFVWIGYVCSGINPLVYTLF
KKEKRPRGTMOAINNEKKASKVLGIVFFVFLIMWCPFFITNILSVLCG-KACNQKLMEKLLNVAVWIGYVCSGINPLVYTLF
KKEKRPRGTMOAINNEKKASKVLGIVFFVFLIMWCPFFITNILSVLCG-KACNQKLMEKLLNVFVWIGYVCSGINPLVYTLF
RMSSVGKRSAQTISNEQRASKALGVVFFLFLLMWCPFFITNLTLALC--DSCNQTTLKTLLEIFVWIGYVSSGYNPLIYTLF
RM55AGKKPAQTISNEQRASKVLGIVFLFFLLMWCPFFITNVTLALC--DSCNQTTLKTLLOQIFVWVGYVSSGYNPLIYTLF
RTSTIGKKSVQTISNEQRASKVLGIVFFLFLLMWCPFFITNITLYLC--DSCNQTTLOMLLEIFVWIGYVSSCGYNPLVYTLF
RL5S5VGKKSMOTITNEQRASKVLGIVFFLFVFMWCPFFLTNVASVLCGEDQCDEDVIKMLMDT FVWVGY ISSGVNPLVYTLF
RLSTMCKKSMOTLTNEQRASKVLGIVFLLFVWMWCPFFITNITSALCG--PCOANIICRLMETFSWVCYVSSCINPLVYTLF
~-ADSRRLATKHSRKALKASLTLGILLGMFFVTWLPFFVANIVQAVCD--- -~ CISPGLFOVLTWLGYCNSTMNPIIYPLF
==ADSRRLATKHSRKALKASLTLGILLGMFFVTWLPFFYANIVOQAVCD- =CISPGLFDVLTWLGYCNSTMNPIIYPLF
-=ADSRRLTTKHSRKALKASLTLGILLSMFFVTWLPFFVASTAQAVCD =CISPGLFOVLTWLGYCNSTMNPIIYPLF
—--ADSRRLATKHSRKALKASLTLGILLGMFFVTWLRFFYANIAQAVCD------CISPGLFDVLTWLGYCNSTMNPIIYPLF

& ki, R

Fig. 2. (continued)
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the “true” sequence for this receptor or whether the 5-HT4 receptor in Tetraodon
is a pseudogene (see below) also awaits the results of further research.

Among invertebrate receptors, for example, the sequences of the N-termini of
the 5-HT,, and 5-HT g receptors from the Anopheles mosquito (accession num-
bers EAA04158 and XP-317820, respectively) are unusualy short. The Anophe-
les 5-HT,, receptor has only 18 residues upstream of the highly conserved “GN”
motif in TM1; based on a comparison with al the other known 5-HT receptor
sequences, the methionine that is 18 residues upstream of the “GN” motif is
unlikely to be the true start codon. An even more extreme example is seen with
the Anopheles 5-HT 5 receptor, which has only 43 residues upstream of the
highly conserved “DRY” motif at the cytoplasmic end of TM3; certainly thisis
not sufficient for three transmembrane helices, the first extracellular and intracel-
lular loops, and the N-terminus. The methionine annotated as the “ start” methio-
nine of the Anopheles 5-HT ,; receptor is more likely to be located near the
cytoplasmic end of TM2; therefore, the sequence of the receptor upstream of this
point remains unknown. Thus, the sequences of these receptors as shown in the
databases must be considered as partia sequences, and knowledge of the full
sequences of these receptors awaits future updates of the database and perhaps
even further cloning and sequencing efforts.

3. Evolutionary Considerations

G Protein—coupled receptors as a group have been identified from relatively
simple organisms such as bacteria (bacteriorhodopsin) and yeast (mating factor
receptors). However, 5-HT receptors are not known from bacteria or single-
celled eukaryotes, which is not surprising because they lack nervous systems
and, therefore, neurotransmitters and their receptors. One can imagine circum-
stances under which such simple organisms (e.g., those living in the intestine)
could use 5-HT receptors to sense the presence of 5-HT in their environment,
but to date this has not been reported. There is one archaeal sequence from
Thermoplasma acidophilum in the GenBank database (accession number
NP-393638) that is annotated as a “serotonin receptor related protein”; how-
ever, this “receptor” lacks the “DRY” motif at the cytoplasmic end of TM3, the
“NPxxY” motif in TM7, and other highly conserved features associated with
5-HT receptors. Additionally, BLAST searching with the archaeal sequence
does not result in any 5-HT receptor “hits” Therefore, this archaeal sequence
is probably incorrectly annotated and is unlikely to be a 5-HT receptor.

Nematodes and other invertebrates with relatively smple nervous systems have
receptors for 5-HT and other neurotransmitters in their genomes (see Table 1).
Interestingly, most of the invertebrate 5-HT receptors discovered to date resem-
ble either the mammalian 5-HT,, receptors or the 5-HT, receptors, athough
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5HT-DRO-BROSOPHILA
5HT-Ae-AEDES-MOSQUITO
5HT7-ANO-ANOPHELES-MOSQUITO
SHT-7He-SNAIL
5HT-BARN-BARNACLE
5HT-SH-SHRIMP
SHT-Ser7.C-ELEGANS
5HT-DRO1A-DROSOPHILA
5HT-DRO1B-DROSOFPHILA

SHT-BEE-APIS-HONEY-BEE

———— 5HT-HEL-MOTH
L SHT-BUT-PAPILIO-BUTTERFLY

SHT-BOM-MOTH

5HT-TICK-BOOPHILUS

m SHT-LYM-SHNAIL
5HT-1He1-SNAIL
SHT-AP1-APLYSIA
SHT-AP2-APLYSIA
5HT-DRO2-DROSOPHILA
5HT2A-ANC-ANOPHELES-MOSQUITO

SHT-LYM2-SNAIL
SHT-LOB-PANULIRUS-LOBSTER

5HT-Ser4-C-ELEGANS
5HT-C-ELEGANS
5HT1A-ANO-ANOPHELES-MOSQUITO
5HT1B-ANO-ANOPHELES-MOSQUITO
SHT-Ser1-C-ELEGANS
SHT-ASC-ASCARIS

SHT-HAEM-HAEMONCHUS-NEMATODE
r SHTB1-APLYSIA
L SHTB2-APLYSIA

5HT-PLAN1-PLANARIAN
—1 5HT-PLAN4-PLANARIAN
5HT-Ser2-C-ELEGANS

SHT-Ser3-C-ELEGANS

Fig. 3. Dendrogram showing the relationships among 5-HT receptors known from
invertebrates.

some are not clearly similar to any of the known mammalian 5-HT receptor
subclasses. This suggests the speculative hypothesis that either the 5-HT,, or the
5-HT, receptor subclass represents the ancestral archetypical 5-HT receptor.

The need for diversity in 5-HT receptor-mediated signaling must have arisen
relatively early in evolutionary history, as some invertebrate species have mul-
tiple 5-HT receptor subtypes. For example, at least four subclasses of 5-HT
receptors are known from the Anopheles mosquito, Aplysia, and Drosophila,
and at least seven from the nematode Caenorhabditis elegans. Additiona diver-
sity in signaling is provided by alternative splicing (see subsequent chapter).

In Fig. 3 is shown the relationships among the currently known 5-HT recep-
tors from invertebrates, and in Fig. 4, a dendrogram showing the relationships
of the vertebrate 5-HT receptors is shown. These trees are based on alignments
done using the Clustal W algorithm available at the webpage of the European
Bio-informatics Institute (http://www.ebi.ac.uk/clustalw/), after trimming of the
amino-terminus and carboxy-terminus, as we have done previoudly (5). Among
the invertebrate receptors (Fig. 3), very few discrete groupings of receptors are
seen, except for a group of 5-HT-like receptors from a variety of organisms
(seen at the top of the dendrogram).
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Fig. 4. Dendrogram showing the relationships among 5-HT receptors known from
vertebrates.

The relationships among the vertebrate 5-HT receptor subclasses can be seen
in Fig. 4. The 5-HT,, and 5-HT,. receptors of vertebrates are more similar to
each other than either is to the 5-HT 5 receptors. The 5-HT receptors are more
similar to the 5-HT, receptors than the other classes. The 5-HT, receptors
are most similar to the 5-HT4/5-HT, group. Among the 5-HT, subclasses, the
5-HT,z and 5-HT,, receptors are most similar to each other, as are the 5-HT ¢
and 5-HT,; subclasses.
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4. Sequence Conservation and Patterns of Variation
Among Serotonin Receptors

For convenience, we will use the numbering convention of residues in TM
helices devised by Ballesteros and Weinstein (6), in which the most highly con-
served residue in each helix is given an index number of 50. For example, the
mostly highly conserved residue in helix 1 is referred to as residue 1.50, in
helix 2 as 2.50, and so on. Other residues are numbered in relation to the index
residue, so the residue in helix 1 that is one position closer to the amino-termi-
nus of the protein is named residue 1.49 and so on. This system has the advan-
tage of more easily being able to refer to homologous positions in different
receptors by the same number.

Figure 5 shows an alignment of the known 5-HT receptors from inverte-
brates. Each of the TM helices except TM5 and TM6 contains at least one
residue that is completely conserved. In TM1, the N1.50 residue is completely
conserved. In TM2, D2.50 is completely conserved, as are L2.46, A2.47, and
L2.51. In addition to the index residue R3.50, D3.32, S3.39, and 13.40 are
conserved in TM3; 28 of the 35 receptors have a completely conserved “DRY”
motif, and most of the remainder have very similar sequences (e.g., ERY, DRF,
and GRY among others). Only the index residue W4.50 is completely con-
served in TM4. In TM5, the index residue is P5.50, but in two of the receptors
from the sea slug Aplysia, this residue is not a proline, but a serine in the
Aplysia 5-HTB1 receptor (accession number Q16950) and a phenylaanine in
the Aplysia 5-HTB2 receptor (accession number Q16951). The index residuein
TM6 is P6.50, but in one of the 5-HT receptors from the nematode C. elegans
(the Ser3 receptor, accession number NP—491954), this position is occupied
by a glycine, which, interestingly, is also a helix-breaking residue. F6.44 and
W6.48 are completely conserved among all of the invertebrate 5-HT receptors.
In TM7, the index residue P7.50 is completely conserved, as are W7.40, G7.42,
S7.46, N7.49, and Y7.53. The residues N7.49, P7.50, and Y 7.53 comprise the
conserved NPxxY motif, which has several proposed roles in the function of
other classes of GPCRSs, including activation of small G proteins and internal-
ization, first shown by Barak et al. (7) using the [3, adrenergic receptor.

Figure 2 shows an alignment of 104 of the known 5-HT receptors from
vertebrates; for clarity, sequences for which the databases contain incomplete
or incorrect sequences (see above) have been omitted. In TM1, the index
residue N1.50 is completely conserved among all 104 receptors; position 1.53
isavainein al but the 5-HT6 receptors, in which it is a leucine. In helix 2,
residue D2.50 is completely conserved among all 104 receptors, as are S2.45
and V2.57. In TM3, the DRY motif is conserved in al but one of the receptors,
the exception being one of the two 5-HT7-like receptors from the pufferfish
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SHTB1-APLYSIA
SHTB2-APLYSIA
SHT-Ae-AEDES
SHT7-ANO-ANOPHELES
5HT-DRO-DROSOPHILA
SHT-PLAN1-PLANARIAN
SHT-PLAN4-PLANARIAN
SHT-7He-SNAIL
SHT-Ser7-C-ELEGANS
SHT-DROZ-DROSOPHILA
SHT2A-ANO-ANOPHELES
SHT-Serl-C-ELEGANS
SHT-ASC-ASCARIS
SHT-LYM2-SNAIL
SHT-LOB-PANULIRUS
SHT-DRO1A-DROSOPHILA
SHT1A-ANO-ANOPHELES
SHT-HEL-MOTH
SHT-BUT-PAPILIO
5HT-DRO1B-DROSOPHILA
SHT-TICK-BOOPHILUS
5HT-BEE-APIS
SHT-BOM-MOTH
SHT1B-ANO-ANOPHELES
SHT-LYM-SNAIL
SHT-1Hel-SNATIL
SHT-AP1-APLYSIA
SHT-AP2-APLYSIA
SHT-Ser4-C-ELEGANS
SHT-HAEM-HAEMONCHUS
SHT-BARN-BARNACLE
SHT-SH-SHRIMP
SHT-Ser2-C-ELEGANS
SHT-Ser3-C-ELEGANS
SHT-C-ELEGANS
conserved

N-term-IGIVGSLIITVAVVGNVLVCLAIFTEPILSHSKSNFFIVSLAVADLLLALLVMTFALYNDMYG-YWLFGETFCFIWMSADVMCETASIFSICVI
N-term-IGIVGSLITAVSVVGNVLVCLAIFTEPILSHSKSKFFIVSLAVADLLLALLVMTFALVNSLYG-YWLFGETFCFIWMSADVMCETASIFSICVI
N-term-ISIVLLAVIIGTIVGNVLVCVAVCLVRKLRR-PCNYLLVSLAISDLCVAVLVMPPALLYEVL-EEWKFGTVFCDIWVSFDVLSCTASILNLCAL
N-term-ISIILLAVIVGTVIGNVLVCVAVCLVRKLRR-PCNYLLVSLAISDLCVALLVMPMALLYEVL-EEWRFGEVFCDIWVAFDVLSCTASILNLCAL
N-term-VSIVLLIVILGTVVGNVLVCIAVCMVRKLRR-PCNYLLVSLALSDLCVALLVMPMALLYEVL-EKWNFGPLLCDIWVSFDVLCCTASILNLCAL
N-term-LIIVLTIFLVGTAGGNLLVISSVAIVKKLQT-SSNFLIVNLACSDFLVSILVLPGAVHQVIYRGQWPFSEILCDIFISFDVILCTSSILNLCAL
N-term-LGIIFFIIVVGAIGGNFLVILAITILVKKLQT-ASNWLILSLAFSDFFVSVLVMPIAAFNQLSRFRWPFSEKLCDFYNCCDVMLCTSSILNLCAL
N-term-VAIIFSIIILGTVVCGNSLVCISVAIVKRLRS-PSNLLIVSLAVADL FVGMLVMPLASVYELN-GAWVLGPIVCDOMWTTTDVLLCTSSILNLCAL
N-term-LATATLAMIIMTTVGNALVCLAVLLVRKLKH-PONFLLVSLAVADFFVGLVVMPLALIDLLF-DKWPLGSTMCSVYTTSDLTLCTASIVNLCAL
N-term-LFLFVVFFIFAGGLGNILVCLAVALDRKLQN-VTNYFLFSLATADLLVSLFVMPMGAIPAF-LGYWPLGFTWCNIYVTCDVLACSSSILHMCFL
N-term-SFLFVILFIFAGGLGNILVCLAVALDRKLQN-VTNYFLLSLATADLLVSLFVMPLGAIPGF-LGYWPFGVTWCNIYVTCDVLACSASILHMCFL
N-term-ALFLLPVLCLIGLIGNFLVCVATATDRRLHN-VTNYFLFSLALADLLVCCIVMPLSIVVEVRHGVWTWSYSMCLLYVYSDVFLCSASIVHMSYVI
N-term-ALLLLPLLCAVGLLGNLLVCMAIWFDRRLHN-VTNYFLFSLALADLFVCSIVMPLSLLVEVRHGVWTWSFSVCLLYVYADVFLCTASIVHMSMI
N-term-SILIMAPLVIFGIAGNTLVILAISLEKRLQN-VTNYFLLSLAVTDLLVSLIVMPFSIINVF-TGRWLFGFVLCDFFVTSDVLMCTSSILHMCTI
N-term-WGLVALLVVLLTLFGNILLILAISWDORRLQN-MTNYFLLSLAVTDLMVASLVMPLSIVVLI-LGHFPFSSELCLLWISLDVLFCTASIMHLCTL
N-term-TSVLLGLMILVTIIGNVFVIAAITLERNLQN-VANYLVASLAVADLFVACLVMPLGAVYEISQ-CGWILGPELCDIWTSCDVLCCTASILHLVAL
N-term-TSLVLGLMILVTVIGNVFVIAAIILERNLQN-VANYLVASLAVADL FVACLVMPLGAVYEISR-GWILGPELCDIWTSCOVLCCTASILHLVAT
N-term-TSVVLALITLATIVGNVFVIAAIIIERNLQN-VANYLVASLAVADLMVACLVMPLGAVYEVSQ-GWILGPELCOMWTSSDVLCSSASILHLVAT
N-term-TSVVLALITLATIVGNVFVIAAIIIERNLQN-VANYLVASLAVADLMVACLVMPLGAVYEVSQ-GWILGPELCOMWTSSDVLCSSASTLHLVAT
N-term-MAVVLGLMILVTITIGNVFVIAAITLERNLQN-VANYLVASLAVADL FVACLVMPLGAVYEISN-GWILGPELCDIWTSCDVLCCTASILHLVAL
N-term-VSLLLCLVIVATVIGNIFVIAAIIWERNLRT-VSNYLVLSLAVADLMVACLVMPLGAVYEVTR-EWRMPPELCDVWTCCDVLCCTASILHLLAL
N-term-GDYQKLYFNLSDKPWNLFVIAATLLERNLQS-VANYLIVSLAVADLMVACLVMPLGAVYEINS -EWSLGPELCDMWTSSDVLCCTASILHLVAL
N-term-KAVVLGLLILATVVGNVFVIAAILLERHLRS-AANNLILSLAVADLLVACLVMPLGAVYEVVQ-RWTLGPELCOMWTSGDVLCCTASILHLVAL

---------------------------------------------------- MPLGAVYEVSK-EWRLGADLCDMWTSSDVLCCTASILHLVAT
N-term-TSVILGLFVLCCITIGNCFVIAAVMLERSLHN-VANYLILSLAVADLMVAVLVMPLSVVSEISK-VWFLHSEVCDMWISVDVLCCTASILHLVAL
N-term-TSVILGLFVLCCITIGNCFVIAAVILERSLHN-VANYLILSLAVADLMVAVLVMPLSVVSEISQ-VWFLHSEVCDMWISVDVLCCTASILHLVAL
N-term-TSIILGLFVLCCITIGNCFVIAAVILERSLHN-VANYLILSLAVADLMVAVLVMPLSVVSEISQ-VWFLHQEVCDMWISVDVLCCTASILHLVAL
N-term-ICIFLGCMILAIILGNIFVITAILVEKSLQG-VSNYLILSLAVTDLLVAVLVMPLSLIYEISI-HWFLGNAVCDMWYSMDVLCCTASILHLVAL
N-term-LASVLLYLILSCFIGNLFVILAIIMERDLRCGRPQYYLIFSLAVADLLVGMIVTPLGAWFTVTG-TWNLGVVVCDFWISVDVLVCTASILHLVAL
N-term-LAAVLLLLILACVIGNLLVIVATACERDLRCGRPQYYLIFSLAVADLIVGLIVTPLGAWSTVAG-AWPFGVTLCDIWISVDVIVCTASILHLVAL
N-term-ATALLLAIILVTIVGNSLVIISVFTYRPLRS-VQNFFVVSLAVADLTVALFVLPLNVAYRLLN-QWLLGSYLCQMWLTCDILCCTSSILNLCYVI
N-term-SVVSLSIVTCFTFVGNALVIVSYLSYRPLRI-VPNYFIVSLAVADLTMAVFVLLLGAANTIMG-KWVFGDCLCRAWLTIDILCCTASILNLCAL
N-term-GTITYLVIIAMTVVCGNTLVVVAVFSYRPLKK-VQNYFLVSLAASDLAVAIFVMPLHVVTFLAGGKWLLGVTVCQFFTTADILLCTSSILNLCAL
N-term-IISVLTVLVVVVVLCGNALVIAAVLLRRRLRS-ATGLLILSLALADLLVGTVILPFSIANEVLDQYWIFGETWCTIWLTLDIWMCTASIYNLVAL
N-term-GGKCIIYWKFAVPRPNFKTKITTFRIWVTRL----YLIISLATADLIVGVIVMPMNSL FEIANHTWLFGLMMCDVFHAMDILASTASIWNLCVI
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SHTB1-APLYSIA SYDRLKQVQKPLHYEEFMTTTRALLITACLWICSFVLSFVP- - --IFLEWHELSVEEIKATFKDMKTEKEKALEAHNFSSALNQTLCONG-13 loop-
SHTB2-APLYSIA SYNRLEQOV QK PLOYEEFMT TTRALLITASLWICSFVWS FWP- - —- FFLEWHEL SMEEIKTIFKDLISDEVKTSDAHTFSFALEQTLGDNR-13 Toop-
SHT-Ae-AEDES SVDRYWAITKPLEYGVERTPRRMIACTIVLVWLVAACISLPP-- LLILGNEHMTN-GQPSCSVCONFRYQIYATLCAFY IPLAVMLAVYFQ-i3 Toop-
SHT7-ANO-ANOPHELES SVDRYWAILTKPLEYGVKRTPRRMIACTIVLVWLAAACISLPP--LLILGNEHEIN-GQPACSVCONFRYQIYATLGS FYIPLAVMLPVYFQ-13 loop-
SHT-DRO-DROSOPHILA SVDRYLAITKPLEYGVKRTPRRMMLOVGIVIWLAAACISLPP--LLILGNEHEDEEGQPICTVCONFAYQIYATLOSFYIPLSVMLAVYYQ-i3 loop-
SHT-PLAN1-PLANARTAN SIDRYLVITRPLOYAVNRTPARTGTMVATLSWVT SALISIPP--MFGLKETFIPG----QUNYSDNLIYQIYATFCAFYIPLIVMLILYGR-13 Tloop-
SHT-PLAMA-PLANARTAN SIDRYLVITRPMOYVVRRTPALIGGMICVAWLMSGLISIPP--VLGWKEKFTPG--- - ICQL TINLLYQIYATFCAFY IPLIVMLVLYYQ-i3 Toop-
SHT-THe-SNATL SVDRYFVITRPFQYAIKRTPRRMGLMIL IVWSL SAVYS I PP- -VFGWESPHVPY- - --KCQISEDIGYQIWATLCAFYLPLSVMILIYFK-i3 Toop-
SHT-Ser7-C-ELEGANS SVDRYLVISSPLRYSAKRTTKRIMMY TACWVWITAATVSTSSHI TANL LNDGTYVDOTCTCOVIPHFIYQSYATIISFYAPTFIMVILNIK-i3 Toop-
SHT-DROZ-DROSOPHILA GLGRYMGIRNPLGSRHRSTKRLTGIKIATVIWVMAMMYSSSIT-VLGLVNEKSIMPEPNICVINN-RAFPYFGSLVAFYIPMLMMYTTYAL-i3 Toop-
SHT2A-ANO-ANOPHELES SLGRYLGIRNPLGSRHHSTKRLTCIKIALVWLLAMLYSSSIT-VLGMINONNIMPGPNECVINN-RAFFYFGSLVAFY IPMVMMWWTYAL-13 Toop-
5HT-5erl-C-ELEGANS SLDRYLGISQPLRTRNRS-KTLIFIKIATVWVVTLLYSCPIA-VLAMHDTANILRN-NQMIFS-RYYIIYGSTMTFLIPLCIMGVTYAK-13 loop-
SHT-ASC-ASCARIS SLDRFLGISRPLEIRNRS-RTMTTLEKITFVWLITILISCPIA- IAALTDPTHNILOR-NSCALSN-RYYMWYCSTFAFLIPFIVMANTYTK-13 loop-
SHT-LYM2-SNATL SLERYIGIRYPLWTKNKS-KRIVLLKIVLVWTIALATITSPIT-VLGIVKADNWLIFQ-CACVLNN-EHFIIYCSICAFFIPLATMYILMYAL-i3 Toop-
SHT-LOB-PANULIRUS SVDRFLSLRYPMEFGRHETRRRVVLEIVLVWCLSLAASLPLS - LMYATDPHS TIVD-CVCQIPY-SLFQIIGSVICFYIPLIIMLNTYAL-13 loop-
SHT-DRO1A-DROSOPHILA AVDRYWANVTN-IDYTHSRTSNRVPMMI FOVWTAAVIVS LA PQFGWEDPDYLQRIEQ) - KCMVSQDVSYIQVFATCCTRYWPLMVILALYWK-i3 Toop-
SHT1A-AMO-ANOPHELES ATDRYWAVTN - IDYTHSRTSRRVFTMI FLVWFASVIVSLAPQFOWKDPEYLQRIEQQ- KCMVSONIAYQVFATCCTRYVPLFVILVLYWK-i3 loop-
SHT-HEL-MOTH ATDRYWANTD-VDYTHIRNEKRT FTMIVLVWGAALVYS LAPQLGWKDPDYLARITQOOKCLVSQDLAYQIFATMSTRYWPLAVILILYWK-i3 Toop-
SHT-BUT-PAPILIO ATDRYWANTN -VDYTIHIRNEKRI FTMIFLVWGAALVYS LAPOLGWEDPDYLARITQOOKCLVSQDLAYQI FATCSTRYWPLAVILILYWK-i3 Toop-
SHT-DRO1B-DROSOPHILA AADRYWTWTN-IDYNNLRTPRRVFLMIFOVWRAAL IVS LAPQFGWKDPDYMKRIE EQ-HCMVSQDVGY QI FATCCTRYWPLLVILFLYWK-13 Toop-
SHT-TICK-BOOPHILUS AVDRYWAVTI -VDYMRORDVREVCIMI FLVWSVAFVYS IAPT FONKDEDSRSRVLHEKK CLVSQDAAYQVFATCSSFYVPLIMILLLYWR-13 loop-
SHT-BEE-APIS AVDRYWANTD-LNYIQARNPRRIGMLIVAVIWVYSLGISLAPQLOWKDPDYLDRIADG-TCLVSQDPAYQIFATCATFYLPLLVILFLYWR-13 Tloop-
SHT-BOM-MOTH ALDRYWAVTN - IDYTHASTAKRVCMMTACWIWTVSFFVCTAQL LOWKDPDWNQRYSEDL ROV SQDVGYQIFATASSFYVPVLIILILYWR-13 loop-
SHT1B-ANO-ANOPHELES AL DRYWANTD-IDYAHQRTARRTGYMIT I IWTL SVILVS TAPL LOWEDPEWE TRVYIQDLQCIVSQOVGYIQI FATASSPYWPLLVILFLYWR-13 Toop-
SHT-LYM-SNATL AMDRYWANTS-IDYTIRRRSARRI LLMIMWVWWIVAL FISIPPLFOWRDPNNDPDETGT --CITSQDKGYTIFSTWCAFYLPMLVMMITYIR-13 Toop-
5HT-1Hel-SNATL AMDRYWANTS -IDYTRRRSARRI LLMIMVWWIVAL FISIPPLFOWRDPNNDPAITGQ--CITSQDKGYTIFSTWCAFYLPMLVMMITIYIR-i3 Toop-
SHT-APL-APLYSIA AMDRYWANTS - IDYIRRRSARCILLMITWWWIVAL FICIPPI FOWRDPNNDSDITGK --CIISQDKGYTIFSTVGARYLPMAVMMYIYTR-13 Toop-
SHT-APZ-APLYSIA AFDRYWANSN-IDYVRSRNARQILLMVATVWTVSYFISISPL FGWRHDSDDPELTGQ--CLISQOHGY TVFSTWGRPYCPLLLMLVINFK-13 loop-
SHT-Ser4-C-ELEGANS ALDRYWSITD-ICOYWONRTPKRI TLMLAVIWFT SLLISLAPFAGWKDEGFSDRVLESHYCLISQQISYQVFSTATARYIPLIAIIOVYWK-i3 loop-
SHT-HAEM-HAEMONCHUS AL DRYWSNTD - ISYVONRTPKRIMIML TWIWMT SLLISLAPFAGWEDDGFKDRVLRQHVCLISQQISYQVFSTATAFYIPLIATIVIYWK-i3 Toop-
SHT-BARM-BARNACLE ALDRYWALTDPINYAQKRTIRRVNTMIAAVWAL SLVISVPPLLGWN- - WAQFTEDT -PCTLTQERLFVWYSSSOSFFIPLIIMSVWYAK-13 Toop-
SHT-SH-SHRIMP ALDRYWATLSDATNYAQKRTAPRVLFMIGWWWTMSIVICL PP FOWN- -NWEGS TPEE -PCTPTNDEGYVIFSAIGSFYCPLLIMITLNVE-i3 Toop-
SHT-Ser2-C-ELEGANS ALDRYWATIHNPINYAQKRTTEKFVCIVIVIVWIL SMLISVPPIIGONN- - NWQENMMED - SCGLSTEKAPVWFSAAGSFFLPLLVMWVYVE-i3 loop-
SHT-Ser3-C-ELEGANS SIDRYTAIIKPLNYPMLVTKFRARCTVATVWIGSFLICSPSFFLASSTKDKETPCR-—-CTPANAGRWYWVVFSASSSFYIPMIIWRVYFR-13 Toop-
SHT-C-ELEGANS SLDRYMAGODPIGYRDEVSKRRILMATL SWWVLSATILS FPCIIWWRTSSPHLYEDQS -QCLFTDSKMYVSFSSLVSFYIPLFLILFAYGK-i3 Toop-
conserved = *

Fig. 5. Clustal W (1.82) multiple sequence aignment of 35 vertebrate serotonin receptors. Amino- and carboxy-terminus have
been removed for clarity. Completely conserved residues are marked with an asterik (*) under the alignment.
(continued)
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SHTB1-APLYSIA
SHTB2-APLYSIA
S5HT-Ae-AEDES
SHT7-ANO-ANOPHELES
SHT-DRO-DROSOPHILA
SHT-PLAN1-PLANARIAN
SHT-PLAN4-PLANARIAN
SHT-7He-SNAIL
5HT-Ser7-C-ELEGANS
SHT-DROZ2-DROSOPHILA
SHT2A-ANO-ANOPHELES
SHT-Serl-C-ELEGANS
SHT-ASC-ASCARIS
SHT-LYM2-SNATIL
S5HT-LOB-PANULIRUS
S5HT-DRO1A-DROSOPHILA
SHT1A-ANO-ANOPHELES
SHT-HEL-MOTH
SHT-BUT-PAPILIO
SHT-DRO1B-DROSOPHILA
SHT-TICK-BOOPHILUS
SHT-BEE-APIS
SHT-BOM-MOTH
SHT1B-ANO-ANOPHELES
SHT-LYM-SNAIL
SHT-1Hel-SNAIL
SHT-AP1-APLYSIA
SHT-AP2-APLYSIA
SHT-Ser4-C-ELEGANS
S5HT-HAEM-HAEMONCHUS
SHT-BARN-BARNACLE
5HT-SH-SHRIMP
SHT-Ser2-C-ELEGANS
S5HT-Ser3-C-ELEGANS
SHT-C-ELEGANS
conserved

GTQGSKAARTLTIITGTFLACWLPFFIINPIAAADEHLIP------- LECFMVTIWLGYFNSSVNPIIYGTS-
GTQGSKAARTLTIITGTFLACWLPFFIINPIEAVDEHLIP------~ LECFMVTIWLGYFNSCVNPIIYGTS-
AKERKA-STTLGIIMSAFTVCWLPFFILALVRPFLGEDH---~--~- HLLSSLFLWLGYANSLLNPIIYATL-
AKERKA-STTLGIIMSAFTICWLPFFILALVRPFMKDDH-~~~~~-~ RTLSSFFLWLGYANSLLNPIIYATL-
AKEKKA-STTLGIIMSAFTVCWLPFFILALIRPFETMHVP----~-~~ ASLSSLFLWLGYANSLLNPIIYATL-

STETKA-ITTLGVIMGCFTICWLPFFLIQISKPVLKVANVDSMNYFPIWLIELCLWLGYFNSFLNPITIYAKF-
NNESKA-ITTLGVIMGCFTLCWLPFFIIQILKPILIVSKVDHEKYLMPWCYELFLWLGYFNSFLNPVIYAKF-

SKDTKA-TKTLGIIMGCFTLCWLPFFILVLVNTLCGPELCPVPNQLN-~---ATFLWLGYVNSFLNPIIYARF-
KSECKA-RKTLGVIMSVFIICWLPFFILAIFKSFGMWIP---=---- DWLDLLALWLGYSNSTLNPLIYCKY-
ATEQKA-TKVLGLVFFTFVLCWSPFFILNIIFAACPE-CQ----~ VPEHVVNTCLWLGYVSSTINPIIYTIF-
ATEQKA-TKVLGLVFFTFVFCWAPFFILNIIFAAWPE-AK----- VPERIVSICLWLGYVSSTINPIIYTIF-
ANEHKA-TRVLAVVFACFFICWTPFFFINFLIGFCGENVQ----- IPDWVASIFLWLGYVSSTINPIIYTVF-
ANEHKA-TRVLAVVFGCFFVCWTPFFAANFAVGFCGESCA----~ VPPGIASLFLWLGYVSSTINPLIYTIF-
RTEQKA-SKVLGVVFMIFVVCWAPFFTVNILTALCTS-CR----- FEPTLITAFVWLGYVSSTLNPIIYTIF-
RMEQKA-TKVLGVVFFTFVLLWAPFFIANVLISCGAH----=-~~ IEGEMINLVTWLGYASSMVNPFFYTFF-
KRERKA-AKTLAIITGAFVVCWLPFFVMALTMPLCAA-CQ----- ISDSVASLFLWLGYFNSTLNPVIYTIF-
KRERKA-AKTLAIITGAFVVCWLPFFLTALLLPLCES-CS----~ INDTVASLFLWLGYFNSTLNPVIYTIF-
KRERKA-AKTLAIITCAFVFCWLPFFIMALVMPICQT-CV----- ISDYLASFFLWLGYFNSTLNPVIYTIF-
KRERKA-AKTLAIITGAFVFCWLPFFIMALVMPICQS-CV----- ISDYLASFFLWLGYFNSTLNPVIYTIF-
KRERKA-AQTLAIITGAFVICWLPFFVMALTMSLCKE-CE----- THTAVASLFLWLCGYFNSTLNPVIYTIF-
RRERKA-AKTVAIITGVFVMCWLPFFVMALVMPLCET-CD~--~~~ PCKLVFSFFLWLGYANSMINPIIYTIF-
KRERKA-AKTLAITITGAFVACWLPFFVVALLRATCQA-CE----- PPELIASVFLWLCGYFNSTLNPVIYTVF-
KRERKA-AKTLAIITGAFVACWLPFFVLAILVPTCD--CE----- VSPVLTSLSLWLGYFNSTLNPVIYTVF-
KRERKA-AKTLAIITGAFVCCWLPFFITIAILLPTCTS-CN-~-~-~ ISPLITSVCLWLGYFNSTLNPIIYTIF-
KRERKA-ARTLAIITGAFLICWLPFFIIALIGPFVDP-EG----~ IPPFARSFVLWLGYFNSLLNPIIYTIF-
KRERKA-ARTLAIITCGAFLVCWLPFFITIALIGPFVG---W----- IPPFVRSFVLWLCGYFNSLLNPIIYTIF-
KRERKA-ARTLAIITGAFLICWLPFFIIALIGPFVDE-RN----~ IPIFARSFVLWLGYFNSLLNPIIYTIF-
ARERKVWLRVLGIITGAFVVCWLPFFVVAVVKPMCGTPCD----- MPSYVYSLFLWLGYVNSLINPIIYTIF-
KRERKA-WRTLAIITGTFVACWTPFFLVSIYRPICG--CQ----~ ISPVLEQVTLWLGYLNSALNPIIYTVF-
KRERKA-WRTLAIITGTFVACWTPFFLVSLYRPICR--CT----- IPRPVETVTAWLGYLNSALNPIIYTVF-
SKERKA-ARVLGVIMGVFVVCWLPFFLMYAIVPFCTNCAP----~ PSQRVVDFVTWLGYVNSSLNPIIYTIY-
TKERRA-ARTLGTVMGAFVVCWLPFFLMYVILPFCPSCTS----- PSRKVONFIIWLGYLNSAFNPVIYTFF-
AKEKRA-AKTIAVIIFVFSFCWLPFFVAYVIRPFCETCK-~--~-~ LHAKVEQAFTWLGYINSSLNPFLYGIL-
SLEIKA-AKTVAIVTGCFIFCWLGFALVYGLEIKLND-----===~-~ VVWSIVFWLGYLNSALNPVIYTVF-
VHEQRA-ARTLSIVVGAFILCWTPFFVFTPLTAFCESCFS----- NKETIFTFVTWAGHLNSMLNPLIYSRF-

Fig. 5. (continued)
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Tetraodon (accession number CAG09680). Additionally in TM3, residues
D3.32, S3.39, 13.40, and 13.46 are completely conserved; the relatively high
degree of sequence conservation in helix 3 is perhaps not surprising given its
central role in ligand binding in these receptors. In helix 4, only the index
residue W4.50 is completely conserved, and in TM5, residues P5.50 and Y 5.58
are completely conserved. TM6 and TM7 are perhaps the most highly con-
served helices, with four and seven completely conserved residues, respectively;
thisis probably also areflection of the essential roles of many of these residues
for binding of the natural ligand serotonin as well as serotonergic medications.
Much information has been gleaned from mutagenesis studies on the functional
roles of residues in the TM helices (see subsequent chapter, and refs. 2 and 3
for review).

5. Pseudogenes

Pseudogenes are sequences of genomic DNA that are very similar to “normal”
genes but are nonfunctional because they lack functional promoters or have
accumulated mutations that lead to premature stop codons in the coding sequence
(8). In the human genome, in addition to the 20,000 to 30,000 genes, there are at
least 7800 pseudogenes (8). Among the 5-HT receptors, pseudogenes have been
described for the 5-HT,, receptor (9-11), the 5-HT, receptor (12), and the 5-HT,
receptor (13-16). Interestingly, the human 5-HT; gene is known only as a
pseudogene (17), and a function for the human 5-HTg, receptor is not known.
Presumably, the functional role of the 5-HT5B receptor in other species has been
taken over in humans by some other subclass of 5-HT receptor.

6. Chromosomal Location of Receptors

The chromosomal locations of the human 5-HT receptors are listed in
Table 2. The 5-HT . receptor gene is on the X chromosome; the remainder are
autosomal.

7. Introns and Exons

All of the 5-HT, receptor subclass genes have a single exon, whereas the
remaining human 5-HT receptor genes have multiple exons. The 5-HT, receptor
genes have a central exon of 201 bases (Fig. 6), suggesting a possible common
origin for these genes. However, no clear pattern emerges from examination of
the intron and exon sizes of the remaining human 5-HT receptor genes.

8. RNA Editing

An additional source of variation in 5-HT receptor sequences is provided
by RNA editing, which was first shown for the rat 5-HT,. receptor (18).
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Table 2
Chromosomal Location and Exon Numbers
in Human 5-HT Receptor Genes

Receptor Chromosomal location No. of exons
5-HT,, 5011.2-g13 1
5-HT 5 6013 1
5-HT,p 1p36.3-p34.3 1
5-HT ¢ 6g14-15 1
5-HT ¢ 3p12 1
5-HT,, 13g14-g21 3
5-HT 5 2036.3-937.1 3
5-HT ¢ Xq24 4
5-HT, 5031-g33 6
5-HTg, 7936.1 2
5-HT, 1p36-p35 3
5-HT, 10g21-q24 3

Burns et al. (18) showed that editing at various combinations of four sitesin the
MRNA for the 5-HT2C receptor could lead to the expression of six variant
5-HT, receptor proteins in addition to the wild-type unedited form. Further
variants produced by editing at additional sites were subsequently described
by others (19-21). The process of RNA editing by adenosine deaminase leads
to variation in the protein sequence of the second intracellular loop of the
receptor, which, in turn, may lead to differences in G protein coupling and,
therefore, congtitutive activity, with the unedited form of the receptor showing
the highest degree of constitutive activity (18-20,22—29). The difference in
G protein coupling has been attributed to differences in the structure of the i2
intracellular loop by molecular modding (30). Variants may differ in tissue dis-
tribution (18), and the degree of editing varies among species (22). Trafficking
and desensitization of the receptor are also affected by editing, which may have
effects on the interactions of the receptor with arrestin and G protein—coupled
receptor kinase (GRK) (31). In a recent study (32), it has been shown that
an intronic site of the 5-HT, receptor mRNA is aso edited (site “F") and that
editing at this intronic site affects both editing at site “D” and alternative
splicing.

Whether differences in editing may have clinical implications is still an open
guestion. One report suggests that suicide victims have significantly more edit-
ing at the “A” site (33). Another report suggests that some sites (the “C” and
“C” dites) exhibit more editing in suicide victims, whereas others (the “D” site)
have less editing, and the “A” site shows no significant difference between
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Fig. 6. Lengths of introns and exons within the coding region of human 5-HT recep-
tors. Exons are shown in white background; introns are shown in black background.
The 5-HT, class of receptors has a single exon, and is not shown.

suicide victims and controls (34). The sample sizes of both these studies are
relatively small, i.e., 18 (33) and 6 (34), so the true nature of the relationship
between 5-HT . receptor editing and suicidality awaits further work.

In another study (21), it was suggested that editing may be reduced in schizo-
phrenic subjects, and novel editing variants were described from these subjects.
Thus, there may be a relationship between the extent of 5-HT . receptor editing



28 Kroeze and Roth

and various psychiatric disorders, but full appreciation of this relationship will
depend on further data.

The degree of editing of the 5-HT,. receptor may be modulated by various
drugs. For example, administration of the tryptophan hydroxylase inhibitor
para-chlorophenylalanine (pCPA) to mice, which depletes synaptic 5-HT, led
to a significant decrease in editing at the “C” and “C™ sites (35), whereas
the 5-HT2A/2C partial agonist (+)-1-(4-iodo-2,5-dimethoxyphenyl)-2-amino-
propane (DOI) caused a significant increase in editing at the “C™ site (35). In a
contrasting study, cocaine or reserpine, which increases 5-HT levels, had no
apparent effect on 5-HT . receptor editing in rats (36). What controls the level of
editing in different tissues, in different individuals, and in different pharmaco-
logical circumstancesis still largely unknown.

9. Alternative Splicing and Splice Variants

Alternative splicing as a means of providing additional sequence diversity
among 5-HT receptors was first described for the rat 5-HT, receptor in 1995
(37). Alternative splicing of 5-HT receptors presumably arose early in evo-
lutionary history, because splice variants are known for 5-HT receptors from the
nematodes Ascaris (38) and C. elegans (39). Splice variants can be grouped
into two main categories. The first group includes those in which the aternative
splicing results in a premature stop codon before all seven TM regions are
transcribed; this type of splice variant has been described for the human
5-HT,, (40), 5-HT . (41,42), and 5-HT receptors (43) and these receptors are
likely to be nonfunctional. The second group of splice variants includes those
that remain functional; for the most part, aternative splicing results in isoforms
that differ in the carboxy tail or loops of the receptors, and these variants and
their functions will be the subject of a subsequent chapter.

10. Single-Nucleotide Polymorphisms

Soon after the cloning of the first 5-HT receptors, it was recognized that
the sequences of these receptors could be polymorphic (44-46). After the
development of higher-throughput methods of screening for such variation
(seeref. 47 for an early example) and with the advent of the (post)-genomic
era, afuller appreciation of the extent and significance of these polymorphisms
can be gained. These will also be the subject of a subsequent chapter.

11. Conclusion

The sequences of the known 5-HT receptors vary by species as well as by
class and subclass of receptor. Additional variation arises from RNA editing,
aternative splicing, and the existence of single-nucleotide polymorphisms. Why
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all these receptors have evolved and been maintained remains enigmatic and
likely to intrigue biologists in many fields for long into the future.
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Structure and Function Reveal Insights
in the Pharmacology of 5-HT Receptor Subtypes

Richard B. Westkaemper and Bryan L. Roth

Summary

The purpose of this review is to examine experimental information
concerning the structure and function of the G protein—coupled serotonin
receptors in the three-dimensional context provided by the structure of
rhodopsin. A critical examination of the suitability of rhodopsin as a
template for serotonin receptor modeling from the level of sequence
alignment to interpretation of biochemical experiments of relevance to
the issues of structure—function relationships is presented.

Key Words: G Protein—coupled receptors; serotonin receptors; rhodopsin;
sequence homology; molecular models; protein structure.

1. Introduction

The six G protein—coupled (GPCR) 5-HT receptor classes consist of the
5-HT,, 5-HT,, 5-HT,, 5-HT,, 5-HT,, and 5-HT-, which are further divided into
atotal of 13 subfamilies. GPCRs have long been known to consist of a single
polypeptide chain having extracellular, intracellular, and membrane embedded
domains. The membrane domain consists of seven a-helical segments con-
nected by extracellular and intracellular loops with the N-terminus located
extracellularly and the C-terminus located intracellularly. Signal transduction is
initiated by ligands that bind in a site defined by the transmembrane helices
and, perhaps, components of the extracellular loops. The intracellular domains
are thought to interact with cytoplasmic proteins sensitive to agonist-induced
conformational changes in receptor structure, ultimately giving rise to signaling
that modulates cell function (see ref. 1 for a recent review).
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2. Structure-Function Relationships

Both direct and indirect methods can be used to explore structure-function
relationshipsin GPCR systems. Often, indirect sequence-based observations can
identify target residues, the role of which can be investigated by mutagenesis or
other biochemica experiments. Multiple sequence alignments can revea residues
and segquence motifs that are conserved throughout a family of GPCRs. Such
conserved features could be important in maintaining structure, thus determining
function. Discrete differences in sequence between subtypes or species might
point to residues that may be responsible for functional differences such asligand
selectivity. Segquence-based secondary structure prediction as well as location of
and periodicity of amino-acid-residue physiochemical properties can assist in the
identification of structural domains. For example, segments corresponding to the
transmembrane domains of GPCRs have been identified as sequence segments
with high hydrophobicity occurring in an amphiphilic pattern.

Site-directed mutagenesis is a widely used experimental method that can
help directly establish the identity of residues particularly important for recep-
tor structure and function. Mutagenesis studies have been used to identify
residues lining the ligand-binding site, to determine the disposition of residues
with respect to the agueous pore and lipid layer, and to detect proximity of
multiple residues to each other (2,3). In such studies, single-point mutations
that affect receptor properties (ligand affinity, activation, constitutive activity,
etc.) are often presumed to be directly responsible for the effects observed; it is
inferred that these residues line the ligand-binding site, making contact with
bound ligand, or directly mediate conformational change reflecting the activa
tion state. However, the possibility that mutated residues may indirectly affect
receptor properties can seldom be conclusively ruled out. The demonstration
that changes in properties induced by a single-point mutation that can be
reversed or eliminated by complementary changes in a structurally associated
feature, either ligand or second receptor residue (reciprocal mutations), pro-
vides strong evidence that the observed effects are the result of direct inter-
action between target residues rather than being an indirect consequence of
long-range perturbation of the structure. Evaluation of the effects of native or
engineered cysteine disulfide bond crosslinking can provide evidence for the
proximity of the studied residues. Evaluation of the effects of metal ions (Zn?*)
on receptors with native or engineered ion-binding sites can also provide evi-
dence for the proximity of the coordinating residues to a receptor histidine.
Site-directed spin labeling can introduce nitroxide labels by disulfide bond for-
mation with native cysteines or residues mutated to cysteine. The distance
between labeled residues and changes in the distance between residues can
be estimated by electron paramagnetic resonance spectroscopy. Amino acid
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residues are individually mutated to cysteine in the substituted cysteine acces-
sibility method (SCAM). The disposition of the targeted residue (solvent
accessible, lipid accessible) is estimated by disulfide bond formation with
water- and/or lipid-soluble labeling reagents. The location of a residue in the
ligand-binding site can be further inferred from ligand protection studies.
Severa recent reviews provide compilations of the results of such studies with
numerous GPCRs (2—4).

3. Structure of the 5-HT Receptors

Data from structure-related experiments has little meaning in the absence of
astructural hypothesis (i.e., a three-dimensional receptor model that allows the
evaluation of experimental observations in a structural context). Most early
5-HT receptor model construction was based on the experimental structure of
bacteriorhodopsin, athough not a GPCR, and later on the low-resolution pro-
jection structures of rhodopsin (reviewed in ref. 5). The solution of the crystal
structure of the visual pigment bovine rhodopsin has opened new horizons in
modeling GPCR structures (6). There has been considerable discussion con-
cerning the suitability of the rhodopsin structure as a template for the con-
struction of models of ather GPCRs (2,3,7-9). The purpose of this review isto
examine experimental information concerning the structure and function of
the GPCR 5-HT receptors in the three-dimensional context provided by the
structure of rhodopsin, a central issue being the suitability of rhodopsin as a
template for 5-HT receptor modeling.

4. Rhodopsin as a Template for 5-HT Receptor
Model Construction

Although several 5-HT receptors have been subjected to extensive structural
studies (reviewed in ref. 10), this review will focus on those of particular rele-
vance to the validity of rhodopsin as a homology modeling template for hypo-
thetical 5-HT receptor models. Establishing an aignment between the sequences
of templates of known structure with sequences of the model protein is the first
and most crucia step in any homology modeing exercise. Although sequence
homology between the GPCRs and rhodopsin is very low, there are several
highly conserved residues and motifs in the transmembrane helices that are
common to both rhodopsin and nearly al other GPCRs (Fig. 1) (11). Thus, if it
is assumed that the number of residues in the corresponding helical segments of
rhodopsin and the model target are identical, models of the transmembrane
helices can be readily constructed. By far, most model building studies start
with the assumption that there are no differences in the lengths of the trans-
membrane (TM) segments. This may not always be the case since irregularities
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Fig. 1. CLUSTAL W (1.82) multiple sequence alignment for serotonin receptors

and rhodopsin.
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Fig. 1. (continued)

in the three-dimensional structure of the oi-helices of rhodopsin (n- and 3,,-helix
segmentsin TM5 and TM7, respectively) could accommodate single amino acid
insertions or deletions in modeled helices without perturbing the overal dimen-
sions of the segment (12,13). A magjor limitation to the use of rhodopsin as a
template for modeling nonhelical domains of 5-HT receptorsis the large differ-
ences in the lengths of corresponding structural elements. Fortunately, the largest
discrepancies in sequence length occur in the N-terminus and C-terminus and
intracellular loops, which are less likely to affect the structure of the ligand-
binding site than the helices and extracellular loops. Where differences in seg-
ment length are too great to be modeled directly from the rhodopsin structure,
investigators usually elect to generate a candidate loop structures, not from the
rhodopsin structure but from the database of known protein structure using geo-
metric (e.g., end-to-end distance) and sequence homology criteria. Unfortu-
nately, there are usually no existing substructures with even modest homology to
the 5-HT receptor sequences being modeled. Thus, loops created in this fashion
are of questionable validity, particularly when the target sequences are signifi-
cantly longer than those corresponding to rhodopsin. A final limitation in the
existing structural datais that only the “dark” or inactive form of rhodopsin has
been determined. The 5-HT receptor models derived from this structure are
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thought to represent the inactive, resting, or antagonist occupied form of the
receptor. The active form of rhodopsin would probably be the most appropriate
template for the active or agonist occupied form of the GPCRs. Even though an
experimental structure has not been determined directly, numerous biophysical
approaches have provided insight into the nature of the conformational changes
that rhodopsin undergoes on conversion to the light or activated form of the
receptor (14). To date, there has been at least one computational investigation
directed toward simulating conformational changes on rhodopsin activation and
[B-adrenergic receptor activation based on distance constraints derived from bio-
physical experiments using constrained molecular dynamics simulations (4).
A similar approach might ultimately prove useful for generating models of the
active form of 5-HT receptors.

The following is an examination of each structural element of rhodopsin and
its suitability as 5-HT receptor model building templates. Figure 2 shows a
graphic model of the 5-HT,, receptor constructed from the rhodopsin template.

5. Extracellular Domains

5.1. N-Terminus

The N-terminal segment of GPCRs is highly variable in length (11-879
residues) (15). The 5-HT receptor N-termini lengths range from 16 to 78 residues
in length with very little conservation of sequence, with the possible exception of
the first few residues in each sequence (Fig. 1). Given the total differences in
length, it is difficult to envision a common N-terminus three-dimensional (3D)
structure or function among the 5-HT receptors and rhodopsin. The rhodopsin
N-terminus consists of a compact structure roughly parale to the membrane that
lies on top of the extracellular loops. If directly incorporated into 5-HT receptor
models, this structure could limit the flexibility and disposition of the remaining
extracellular loops. Deletion of the N-terminus from the 5-HT,, receptor does not
appear to affect receptor function (16). Although no systematic mutagenesis stud-
ies have appeared, severa single-nucleotide polymorphisms (SNPs) have been
identified in the N-terminus of the 5-HT,, (17) and 5-HT,, (18) receptors, none
of which affect receptor function. Together these observation suggest that explicit
consideration of the N-terminal segment might not be necessary or desirable in
the generation of 5-HT receptor models.

5.2. Extracellular Loop 1 (el)

The first extracellular loop of rhodopsin directly connects TM2 and TM3
with a very short linker (six residues). With the exception of a single trypto-
phan, there is little sequence homology among the el loops of the 5-HT recep-
tors. Fortunately, the lengths of the 5-HT receptor el segments are similar (six
to seven residues) to the rhodopsin el loop. Thus, the rhodopsin €1 loop is
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Fig. 2. A 5-HT,,-receptor model constructed from the rhodopsin crystal structure.
Serotonin is shown as a space-filled structure. Magenta colored backbone traces rep-
resent modeled structures of low reliability (N-terminus, C-terminus, and i3) as well as
segments generated by insertion into or deletion of rhodopsin residues (el, €2, e3, and
i3 loops). Stick structures of the side chains of conserved residues (yellow), ligand-
binding site residues (red), and residues involved in receptor activation are shown.
(Hlustration appears in color in insert that follows p. 240.)

likely to be a viable template for 5-HT receptor model structures. Even if the
structure of the rhodopsin €1 loop is not considered explicitly, it is likely that
protein database search-based generation of this segment will likely produce
geometrically acceptable results for al of the 5-HT receptors.

5.3. Extracellular Loop 2 (e2)

One of the most striking features of the rhodopsin structure is the complexity
and compactness of a helix bundle “cap” or “plug” formed from the extracellu-
lar interhelix loops and N-terminal segment (19). Together, the N-terminal
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sequence and the three loops €1 (TM2 to TM3), €2 (TM4 to TM5), and €3 (TM6
to TM7) form alayered, interlocking structure consisting partly of 3-sheet loops.
The bottommost of these is the €2 B-hairpin, which traverses the entire helix
aggregate, extending from its origin at TM4 and its terminus at TM5 toward
TM1 and TM7. The €2 loop is tethered to TM3 (Cys3.26) via a disulfide bond
between the two highly conserved cysteines. The €2 loop of rhodopsin comes
within the van der Waals distance of the covaently bound retinal chromophore
forming the bottom of the plug, equivaent to the top of the retina binding site.
Thus, the relevant question becomes, is there an anal ogous structure that forms
part of the ligand-binding site of neurotransmitter G protein—coupled receptors?
It has been suggested that such a complete enclosure of the ligand-binding site
is not likely for receptors that, unlike rhodopsin, must reversibly associate with
the ligand (7). With the exception of the 5-HT4 receptor (30 residues), most
5-HT receptors have relatively short €2 loops (16-21 residues) compared to the
rhodopsin e2 loop (26 residues). The difference in lengths of the corresponding
5-HT and rhodopsin segments makes it difficult to model €2 structures directly
from the rhodopsin template. However, the existence of the disulfide bond
between TM 3 and e2 does provide a geometric constraints that might help elim-
inate irrelevant structures generated by searching structural databases. It has
been argued that the e2 loop of the 5-HT,, receptor might not encroach as
severely into the ligand-binding site as the corresponding structure for rhodopsin
(20) because of the shorter length of the 5-HT,, €2 loop. There have been no
systematic mutagenesis studies conducted with the e2 loops of the 5-HT recep-
tors. The P184L mutation did not affect 5-HT,, receptor function in response to
awide range of agents (17). Evaluation of chimers between 5-HT,g and 5-HT,
has led to the suggestion that the €2 loop might contribute to ligand selectivity
(21) for some but not al investigated ligand (10) receptors. A recent SCAM
study of the short €2 loop (approx 15 residues) supports the notion that the loop
does in fact contribute to the ligand-binding site of the D2 receptor (22). Thus,
with caveats, the e2 loop of rhodopsin is a reasonable model of, if not adirectly
transferable template for, the general structural features of the €2 loops of 5-HT
receptors.

5.4. Extracellular Loop 3 (e3)

The eight residue €3 loop of the rhodopsin receptor spans TM6 and TM7 on
the periphery of the helical aggregate. The lengths of the €3 loop for the 5-HT
receptors (7—11 residues) range from 1 fewer to 3 greater than the number of
residues in the €2 loop of rhodopsin. Given the relatively remote disposition of
the loop and the similarities in sequence length, it is expected that the rhodopsin
€3 loop will be areasonably good template for homology modeling. There have
been no mutations of this segment reported for 5-HT receptors.



48 Westkaemper and Roth

6. Intracellular Domains

6.1. Intracellular Loop 1 (i1)

The rhodopsin structure places the i1 loop adjacent to the short eighth
membrane-embedded o-helix. With the exception of the 5-HT,, receptor (six
residues), the 5-HT receptors have the same length as the rhodopsin loop (seven
residues). Interestingly a XKKLXXX motif is conserved between the rhodopsin
sequence and the majority of the 5-HT sequences, suggesting that the i1 loops
of rhodopsin and the 5-HT receptors could have a common structure. System-
atic mutagenesis studies have not been conducted.

6.2. Intracellular Loop 2 (i2)

The second intracellular loop of rhodopsin consists of 11 residues that span
TM3 and TM4 peripheraly, extending into the membrane away from the helix
aggregate. All 5-HT receptors are one residue longer, with the exception of
5-HT,, which contains two additional residues compared to the rhodopsin
sequence. Even in the absence of any sequence homology, the similarities in
length suggest that the i2 loop of rhodopsin is at least a reasonable starting
point for 5-HT receptor modeling.

6.3. Intracellular Loop 3 (i3)

The i3 loop has been shown to be a magjor site of receptor—G protein interac-
tion and might have a potential role in mediating interhelical interactions. The
large difference in sequence lengths in the i3 loop of 5-HT receptors and
rhodopsin suggests that this feature represents the largest structural divergence
between rhodopsin and the 5-HT receptors. The rhodopsin loop is relatively
short (21 residues) and traverses the perimeter of the helix aggregate, extending
dightly into the membrane near the membrane surface (away from the bundle).
The 5-HT i3 loops are much longer, ranging from 57 to 121 residues. Because
of the differences in sequence length, this feature cannot be modeled using
rhodopsin as a template with any accuracy. Because there are no protein data
base structures with any degree of sequence homology to the GPCR loop, it is
unlikely that this loop can be modeled with any accuracy. In one approach
reported for 5-HT,, and 5-HT,, receptor models, the (113-residue) i3 loop was
constructed in a stepwise fashion from segments with predicted o-helices
(2 helices, 8 and 19 residues long) and B-conformations (two segments, 8 and 13
residues long) (23). Backbone structures of segments predicted to be of random
conformation were selected from sequences retrieved from a protein database
search. It is not clear, however, how the tertiary structure of the loop was deter-
mined during this process. An aternative solution has been to omit the i3 loop
from 5-HT (and other GPCR) models rather than explicitly including a structure
that is most certainly wrong.
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6.4. C-Terminus

The C-terminus of rhodopsin consists of 399 residues, only the first 18 of
which are included in the crystal structure. A short eighth o-helical segment
(approx 12 residues) initiates the C-terminus near the C-terminus of TM7. TM8
is approximately parallel to the membrane surface and perpendicular to the
helix aggregate and is at the cytoplasm-ipid interface. The rhodopsin TM8 is
preceded by the NPXXY (X)s sF motif of TM7, a motif shared with 5-HT recep-
tor sequences. Disruption of hydrophobic interaction between Y 306/F313 dters
H8 conformation and allows activation, suggesting that TM8 of rhodopsin acts
as a membrane-dependent conformational switch-mediating activation (24).
The importance of an analogous interaction for 5-HT . receptors has been eval-
uated experimentally and results are consistent with models based on the
rhodopsin structure (25). It islikely that the N-terminus of rhodopsin including
the eight helices is a reasonable 5-HT receptor model-building template.

6.5. Transmembrane Helix 1 (TM1)

The 3D structure of rhodopsin shows akink in TM1 on the intracellular half of
the helix. Rhodopsin has a proline at the 1.48 postion (P53) that results in dis-
placement of the extracellular portion of the helix toward and between TM2 and
TMY7 referenced from the extracellular side. There is no corresponding proline
residue in any of the 5-HT receptors, suggesting that this helix irregularity might
not be conserved. However, six subtypes (5-HT,, 5-HT,,, 5-HT,,, 5HT,c,
5-HT,g, and 5-HT,) have either aglycine resdue at 1.48, or 1.49, or both. Because
glycine residues are often the site of irregularity in helices, the kink might very
well be conserved in at least some these receptors. Because the cytoplasmic end
of TM1 istied to the cytoplasmic end of TM2 by the very short i2 loop in both the
5-HT and rhodopsin sequences, removal of the kink by replacement with an ide-
alized helix in models of non-glycine-containing subtypes (5-HT,,, 5-HTp,
5-HT,g, 5HT,, 5-HT,, and 5-HT;) would displace the intracelluar portion of
TM1 away from TM2 and TM7. Interestingly, it has been pointed out with refer-
ence to other A-type GPCRs (2) that the region of helix irregularity might be aste
of dynamic flexibility. None of the TM1 residues has been strongly implicated as
being part of the ligand-binding site. Because TM1 is basically on the outside of
the aggregate formed by the remaining helices, the precise nature of the geome-
try of TM1 might not be important in 5-HT receptor model generation, at least
with respect to the ligand-binding domain. The role of 5-HT residues at 1.48 and
1.49 have not been investigated by site-directed mutagenesis to date.

6.6. Transmembrane Helix 2 (TM2)

The rhodopsin structure shows a helix irregularity in the extracellular half of
TM2, placing it toward TM1, which is initiated by a pair of glycine residues
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(2.56, 2.57) followed by three threonine residues (2.59-2.61). The threonine
sequence appears to stabilize the helix bend with side chains hydrogen-bonding
to the i-4 residue backbone carbonyl atoms (2). Although none of the 5-HT
receptor sequences have the threonine repeat, each has a conserved proline at
2.59, suggesting that this helix irregularity might be a structurally conserved
feature of the 5-HT receptors. Severa TM2 residues have been evaluated using
site-directed mutagenesis. Mutation of the conserved aspartate (D2.50) to danine
abolished agonist affinity (26) for 5-HT,, receptors. Mutation to asparagine in
5-HT,, and 5-HT,, receptors has been shown to selectively affect ligand affin-
ity in an unpredictable fashion (27). In a separate study (28), the D2.50N muta-
tion of the 5-HT,, receptor did not affect agonist or antagonist affinity but
reduced G protein coupling. The effect was reversed by a rescuing TM7 muta
tion N7.49D, which strongly suggest that residues at 2.50 and 7.49 are directly
interacting with each other. The rhodopsin structure places both resides at posi-
tions within interacting distance, suggesting that the orientation of TM2 and
TM7 represented by rhodopsin might also apply to 5-HT receptors.

6.7. Transmembrane Helix 3 (TM3)

The TM3 helix of rhodopsin deviates dlightly from an ideal a-helix in that
its axis has a dight precession creating a subtle S-shape. Backbone hydrogen-
bonding residues at 3.33 and 3.43 (T118 and S127) might be responsible for the
dlight precession. All of the 5-HT receptors have multiple backbone hydrogen-
bonding residues (Cys/Ser/Thr) at various positions (not conserved), suggesting
that similar helix irregularities might be present in the 5-HT receptors. Whereas
differences in structure of 5-HT TM3 segments might vary only slightly from
rhodopsin, significant changes in function could result from changing the
immediate environment by several structurally important residues, particularly
TM3 D3.32 and TM3 D3.49. Numerous mutagenesis studies have supported
the role of D3.32 and the ammonium ion counterion (27,29-33). In addition,
interaction of D3.32 with other receptor residues has been proposed for several
GPCRs. In particular, interaction of D3.32 with aTM7 asparagine (N7.36) was
proposed to maintain the receptors in the inactive state. Disruption of the inter-
action by ligand association (a “salt-bridge switch”) was proposed to result in
activation (33) for the adrenergic receptor. The observation that D3.32A, -E,
-Q, and -N all result in receptors with decreased rather than increased consti-
tutive activity is contradictory to the “salt-bridge” proposal but was consistent
with an early 5-HT,, receptor model (30). Examination of the rhodopsin crys-
tal structure indicates that residues at the 3.32 and 7.36 positions are in fact not
within interacting distance.

The demonstration of potential interactions between the arginine (R3.50) of
the highly conserved D(E)RY motif near the intracellular end of TM3 and a
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glutamate (E6.30) near the intracellular end of TM6 is of particular importance
to 5-HT,, receptor structure and activation. The fact that this interaction stabi-
lizes the inactive conformation of the receptor is suggested by the observation
that interruption of the interaction by mutagenesis results in a high constitutive
activity (34). It has been suggested that activation of the 5-HT,, receptor
involves the relative displacement of the intracellular end of TM3 and TM6, as
has been proposed on the basis of mutagenesis and biophysical studies for a
variety of GPCRs. It was further suggested the displacement of TM6 is
mediated at the TM6 kink located at the highly conserved P6.50 (35) for the
adrenergic receptor. Residues and the 3.50 and 6.30 positions are in fact within
interacting distance in rhodopsin, further suggesting that the rhodopsin TM3 is
aviable template for 5-HT receptor models.

6.8. Transmembrane Helix (TM4)

The TM4 helix of rhodopsin is a short helix on the outer face of a helix
“wall” around the ligand-binding site formed by the aggregate of TM2, TM3,
and TM5. TM4 isaregular helix from the intracellular end up to a highly con-
served proline at (P4.59) that results in the remaining few helix turns being
displace away from the TM2 and TM3 helix ends toward lipid. Contrary to the
assumption that highly conserved residue might be important for ligand
binding, a highly conserved tryptophan residue (W4.50) faces the TM2/TM3
interface shielded from direct contact with the ligand-binding site in rhodopsin-
based models. The relatively remote location of the rhodopsin TM4 is consis-
tent with the observation that most 5-HT receptor mutations in TM4 have little
effect on ligand affinity (reviewed in ref. 10).

6.9. Transmembrane Helix 5 (TMb5)

It has been suggested because sequence variability of al transmembrane
helices among al GPCRsis greatest for TM5, much of the specificity of GPCRs
could be attributable to TM5 properties (13). All of the 5-HT receptors and
rhodopsin share a highly conserved proline (P5.50) residue near mid-helix. The
rhodopsin TM5 is relatively “straight” despite the proline residue, but it shows
a significant deviation from ideal helical periodicity in that it has a single
“underwound” mt-helix turn (residues 5.44-5.49) near P5.50. Although relatively
rare in general, it has been suggested that a m-helix might be a universal feature
of all class A GPCRs because of the highly conserved nature of P5.50 (13). In
addition, there is some evidence that mt-helices are frequently associated with
ligand-binding domains (13,36,37). Many experimental studies have suggested
that portions of TM5 interact with the ligand. A hydrogen bond donating serine
is present at either the 5.42 or 5.43 position in all 5-HT receptors. With the
exception of the 5-HT, subtypes, a hydrogen bond donating residue is present at
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both the 5.43 and 5.43 positions. The rhodopsin structure places these residues
is a ligand-accessible position. Although not entirely self-consistent, mutation
data for the 5-HT,, suggest that a hydrogen bond donor might interact with a
ligand having a hydrogen bond acceptor in a position analogous to that of the
5-OH group of 5-HT (reviewed in ref. 19). If the helical “bulge” were replaced
with aidealized helix, positions 5.42 and 5.43 would be rotated clockwise, plac-
ing both residues more toward the TM4-TM5 interface inaccessible to the
ligand-binding site, suggesting that this helix irregularity might well be con-
served in the 5-HT and other class A GPCRs. A phenylalanine at the 5.47 posi-
tion is conserved in al 5-HT receptors. The neighboring 5.48 position is
occupied by either a phenylalanine or tyrosine residue. The structure of
rhodopsin places the 5.47 in a ligand-accessible orientation, but a 5.48 residue
is clearly in lipid or at the TM5-TM6 interface. Mutation of each of these
residues to alanine has been shown to sdlectively affect ligand affinity and both
mutations reduce potency and efficacy of 5-HT-stimulated Pl hydrolysis (38),
partially inconsistent with the lipid orientation of position 5.48. The partial
discrepancy between the orientations of side chains dictated by the rhodopsin
structure and mutagenesis data have led to the hypothesis that helix flexibility at
the conserved proline 5.50 position and/or ligand-induced helix rotation might
account for the inconsistencies (2,10).

6.10. Transmembrane Helix 6 (TM6)

Rhodopsin TM6 has a pronounce kink at the uniformly conserved proline
and position 6.50, tilting the extracellular half toward TM5. Evidence points to
amajor conformational change in this helix (particularly with respect to TM3)
in the conversion of the inactive to the active state of rhodopsin. Spin-labeling
and cysteine crosdlinking studies in rhodopsin are consistent with a displace-
ment of the cytoplasmic side of TM6 away from TM 3 upon rhodopsin activation
(39,40). In addition, rhodopsin activation is prevented in a rhodopsin-containing
engineered metal-ion-binding site (41). It has been proposed that the conserved
proline at this position represents a conformationally flexible hinge, the bending
of which meditates TM6 conformational change on activation. An alanine scan-
ning mutagenesis study of residues 6.28 through 6.40 on the intracellular haf of
TM6 of the 5-HT,, receptor suggests that none has a direct effect on ligand
binding (34) and all of these residues are distant from the ligand the ammonium
ion-binding residue D3.32 of TM 3. Single and reciprocal mutagenesi s studies of
E3.60 and R3.50 support the hypothesis that a salt bridge between these TM6
and TM3 residues might mediate receptor activation, as discussed earlier (34).
The rhodopsin structure in consistent with the potential presence of such an
interaction in the inactive sate. Mutagenesis studies of conserved residues on
the extracellular half (W6.48 and F6.52) of the receptor suggest that these
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residues might be important for ligand binding for the 5-HT,, receptor (42).
The aromatic side chains of both are in the proposed ligand-binding site in
proximity to D3.32 of TM3 in a rhodopsin-based 5-HT,, model (20).

6.11. Transmembrane Helix 7 (TM7)

The 5-HT and rhodopsin receptors contain a highly conserved asparagine/
proline pair at position 7.49 and 7.50. In addition to inducing a pronounce kink
at this position, an unusua helix conformation occurs on the intracellular side of
the kink consisting of a tightly wound 3,,-helix (7.43-7.46). This feature of the
rhodopsin structure might be a consequence of retina covalently bound to K296
(7.43), which is obviously not a property shared with the 5-HT receptors.
Double-revertant studies of the 5-HT,, receptor residues D2.50 on TM2 and
N7.49 suggest that disruption of a hydrogen bond between these residues might
be important for activation. Potential interaction between these two residues is
evident in the rhodopsin structure and is consistent with a rhodopsinlike abnor-
mal helix in this region (28). In addition, a SCAM study of the D, receptor is
more consistent with a 3,,-helix than a more regular, kinked o-helix (43).
Mutation of the highly conserved Y 7.53 of NPXXY motif led to constitutively
active 5-HT . receptors, suggesting that this locus has a role in receptor activa-
tion (44). Further investigations of double-revertant Y/F pairs suggest that
activation might, in part, be dependant on disruption of a direct interaction of
Y7.53 and Y7.60 of the C-terminal helix 8 (25), as has been proposed for
rhodopsin. Such an interaction is readily apparent in the rhodopsin structure.

7. Conclusion

With afew notable exceptions, the rhodopsin structure appears to be a useful
starting point for the generation of 3D models of the serotonin receptors that
can be used to aid further receptor structure-function studies. Segments that
amost certainly cannot be generated accurately from the rhodopsin structure
include the N-terminus and i3 loop. Segments that almost certainly can be gen-
erated from the rhodopsin structure include the el, e2, €3, and il loops, the
TM2, TM3, TM6, and TM7 helices, and the C-terminus. Available data suggest
that structural correspondence between rhodopsin and 5-HT receptor segments
are not entirely consistent for TM1, TM4, and TM5.

Numerous 5-HT receptor models have been constructed from the experi-
mental crystal rhodopsin structure with various levels of fidelity to the tem-
plate. To date, models have been reported for 5-HT,, (23,4547), 5-HT,,
(20,23,30,34, 38,48-50), 5-HT, (31,50), 5-HT, (50), 5-HT, (51), and 5-HT
(52,53) receptors. Not unexpectedly, each of the models presented has been
useful in providing insight into the potential structural origins of the specific
experimental feature being investigated (a limited set of mutations, SCAM of a
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particular feature of the studied receptor). There have been very few systematic
attempts to evaluate the usefulness of models for the generation of new ligands.
Perhaps the most stringent and meaningful test of overall validity of GPCR
homology models for this purpose is the application of virtual screening para-
digms. Large databases of compounds with known activities (both active and
inactive) are docked with receptor models in an automated fashion and the
resulting complexes are scored. Overall model “fitness’ can be determined sta
tistically by comparing predicted affinity with the experimental results. Success
would suggest that hypothetical models encode enough useful receptor structure
information to allow prediction of ligand affinity for alarge range of structural
types of potential ligand; the models could be useful for structure-based ligand
design. Encouraging results of this kind have been recently reported for the
dopaminergic (54) and adrenergic (55) receptor models. A mgjor limitation in
the use of rhodopsin as a model template for screening purposes is that only the
structure of the inactive form of the receptor is available. Thus, one would
expect virtual screening using rhodopsin-based models to produce antagonists
only. A second potential confounding factor in the use of rhodopsin as an
explicit template for the generation of GPCR models has very seldom been
mentioned explicitly. Ligand-binding sites of GPCR models based on the helix
backbone of rhodopsin closely resemble the original retinal binding site
(a*ghost site”) even in the absence of sequence homology and even when the
model side-chain geometries are constructed independent of the rhodopsin side-
chain geometries (20). Imprintation of a more redistic site has been accom-
plished by molecular mechanics minimization of receptor-ligand complexes or
receptor—igand ensemble complexes generated from manually docked orienta
tions consistent with known site-directed mutagenesis studies (20,54). The
obvious liahility of this approach is that the steric and electronic attributes of
the imprinted or created site is highly dependent on the particular ligand(s) and
ligand orientations selected. Simulations in which a ligand is randomly
“solvated” with N- and C-blocked amino acids produces an artificial site quite
effective in retrieving similar ligands from databases virtually screened in the
automated docking algorithm. In fact, similar approaches have been used to
generate explicit atomic models originally referred to as pseudoreceptors
(56,57). Although the use of GPCR models as virtual screening templates
shows promise for both model validation and structure-based ligand design,
results should be interpreted with appropriate skepticism.

Acknowledgment

This work was supported by United States Public Health Service Grant
MHO057969.



Structure and Function of 5-HT Receptors 55

References

1

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kroeze WK, Sheffler DJ, Roth BL. G protein-coupled receptors at a glance. J Cell
Sci 2003;116:4867—-4869.

Ballesteros JA, Shi L, Javitch JA. Structural mimicry in G protein-coupled recep-
tors. implications of the high-resolution structure of rhodopsin for structure-
function analysis of rhodopsin-like receptors. Mol Pharmacol 2001;60:1-19.

Shi L, Javitch JA. The binding site of aminergic G protein-coupled receptors:
the transmembrane segments and second extracellular loop. Annu Rev Pharmacol
Toxicol 2002;42:437-467.

Gouldson PR, Kidley NJ, Bywater RP, et al. Toward the active conformations of
rhodopsin and the beta2-adrenergic receptor. Proteins 2004;56:67-84.

Wishart G, Bremner DH, Sturrock KR. Molecular modelling of the 5-hydroxy-
tryptamine receptors. Receptors Channels 1999;6:317-335.

Palczewski K, Kumasaka T, Hori T, et a. Crystal structure of rhodopsin: a G protein-
coupled receptor. Science 2000;289:739-745.

Meng EC, Bourne HR. Receptor activation: what does the rhodopsin structure tell
us? Trends Pharmacol Sci 2001;22:587-593.

Ballesteros J, Palczewski K. G protein-coupled receptor drug discovery: implica
tions from the crystal structure of rhodopsin. Curr Opin Drug Discov Dev 2001;4:
561-574.

Filipek S, Teller DC, Palczewski K, Stenkamp R. The crystallographic model of
rhodopsin and its use in studies of other G protein-coupled receptors. Annu Rev
Biophys Biomol Struct 2003;32:375-397.

Kroeze WK, Kristiansen K, Roth BL. Molecular biology of serotonin receptors struc-
ture and function at the molecular level. Curr Topics Med Chem 2002;2:507-528.
Baldwin JM, Schertler GF, Unger VM. An apha-carbon template for the trans-
membrane helices in the rhodopsin family of G protein-coupled receptors. J Mol
Biol 1997;272:144-164.

Fowler CB, Pogozheva ID, LeVine H 3rd, Mosberg HI. Refinement of a homology
model of the mu-opioid receptor using distance constraints from intrinsic and engi-
neered zinc-binding sites. Biochemistry 2004;43:8700-8710.

Bywater RP. Location and nature of the residues important for ligand recognition
in G protein coupled receptors. J Mol Recogn 2005;18:60-72.

Gether U, Kobilka BK. G protein-coupled receptors. 11. Mechanism of agonist acti-
vation. J Biol Chem 1998;273:17,979-17,982.

Otaki JM, Firestein S. Length analyses of mammalian G protein-coupled receptors.
J Theor Biol 2001;211:77-100.

Buck F, Meyerhof W, Werr H, Richter D. Characterization of N- and C-terminal
deletion mutants of the rat serotonin HT2 receptor in Xenopus laevis oocytes.
Biochem Biophys Res Commun 1991;178:1421-1428.

Del Tredici AL, Schiffer HH, Burstein ES, et a. Pharmacology of polymorphic
variants of the human 5-HT1A receptor. Biochem Pharmacol 2004;67:479—-490.
Harvey L, Reid RE, Ma C, Knight PJ, Pfeifer TA, Grigliatti TA. Human genetic
variations in the SHT2A receptor: a single nucleotide polymorphism identified
with altered response to clozapine. Pharmacogenetics 2003;13:107-118.



56

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Westkaemper and Roth

Sakmar TP. Structure of rhodopsin and the superfamily of seven-helical receptors:
the same and not the same. Curr Opin Cell Biol 2002;14:189-195.

Westkaemper RB, Glennon RA. Application of ligand SAR, receptor modeling
and receptor mutagenesis to the discovery and development of a new class of
5-HT(2A) ligands. Curr Topics Med Chem 2002;2:575-598.

Wurch T, Colpaert FC, Pauwels PJ. Chimeric receptor analysis of the ketanserin
binding site in the human 5-hydroxytryptaminelD receptor: importance of the
second extracellular loop and fifth transmembrane domain in antagonist binding.
Mol Pharmacol 1998;54:1088-1096.

Shi L, Javitch JA. The second extracellular loop of the dopamine D2 receptor lines
the binding-site crevice. Proc Natl Acad Sci USA 2004;101:440-445.
Bronowska A, Les A, Chilmonczyk Z, et a. Molecular dynamics of buspirone
analogues interacting with the 5-HT1A and 5-HT2A serotonin receptors. Bioorg
Med Chem 2001;9:881-895.

Krishna AG, Menon ST, Terry TJ, Sakmar TP. Evidence that helix 8 of rhodopsin
acts as a membrane-dependent conformational switch. Biochemistry 2002;41:
8298-83009.

Prioleau C, Visiers |, Ebersole BJ, Weinstein H, Sealfon SC. Conserved helix 7
tyrosine acts as a multistate conformational switch in the SHT2C receptor. Identi-
fication of a novel “locked-on” phenotype and double revertant mutations. J Biol
Chem 2002;277:36,577-36,584.

Chanda PK, Minchin MC, DavisAR, et al. Identification of residues important for
ligand binding to the human 5-hydroxytryptaminelA serotonin receptor. Mol
Pharmacol 1993;43:516-520.

Wang CD, Gallaher TK, Shih JC. Site-directed mutagenesis of the serotonin
5-hydroxytrypamine2 receptor: identification of amino acids necessary for ligand
binding and receptor activation. Mol Pharmacol 1993;43:931-940.

Sealfon SC, Chi L, Ebersole BJ, et al. Related contribution of specific helix 2 and
7 residues to conformational activation of the serotonin 5-HT2A receptor. J Biol
Chem 1995;270:16,683-16,688.

Ho BY, Karschin A, Branchek T, Davidson N, Lester HA. The role of conserved
aspartate and serine residues in ligand binding and in function of the 5-HT1A
receptor: a site-directed mutation study. FEBS Lett 1992;312:259-262.
Kristiansen K, Kroeze WK, Willins DL, et al. A highly conserved aspartic acid (Asp-
155) anchors the terminal amine moiety of tryptamines and is involved in membrane
targeting of the 5-HT(2A) serotonin receptor but does not participate in activation via
a “salt-bridge disruption” mechanism. J Pharmacol Exp Ther 2000;293:735-746.
Manivet P, Schneider B, Smith JC, Choi DS, Maroteaux L, Kellermann O. The
serotonin binding site of human and murine 5-HT2B receptors. molecular model-
ing and site-directed mutagenesis. J Biol Chem 2002;277:17,170-17,178.

Boess FG, Monsma FJ Jr, Sleight AJ, Launay JM. ldentification of residues in
transmembrane regions |11 and VI that contribute to the ligand binding site of the
serotonin 5-HT6 receptor. J Neurochem 1998;71:2169-2177.

Porter JE, Perez DM. Characteristics for a salt-bridge switch mutation of the
alpha(1b) adrenergic receptor. Altered pharmacology and rescue of constitutive
activity. J Biol Chem 1999;274.:34,535-34,538.



Structure and Function of 5-HT Receptors 57

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

Shapiro DA, Kristiansen K, Weiner DM, Kroeze WK, Roth BL. Evidence for a
model of agonist-induced activation of 5-hydroxytryptamine 2A serotonin receptors
that involves the disruption of a strong ionic interaction between helices 3 and 6.
JBiol Chem 2002;277:11,441-11,449.

Ballesteros JA, Jensen AD, Liapakis G, et a. Activation of the beta 2-adrenergic
receptor involves disruption of an ionic lock between the cytoplasmic ends of trans-
membrane segments 3 and 6. J Biol Chem 2001;276:29,171-29,177.

Weaver TM. The pi-helix translates structure into function. Protein Sci 2000;9:
201-206.

Fodje MN, Al-Karadaghi S. Occurrence, conformational features and amino acid
propensities for the pi-helix. Protein Eng 2002;15:353-358.

Shapiro DA, Kristiansen K, Kroeze WK, Roth BL. Differential modes of agonist
binding to 5-hydroxytryptamine(2A) serotonin receptors revealed by mutation and
molecular modeling of conserved residues in transmembrane region 5. Mol
Pharmacol 2000;58:877—886.

Farrens DL, Altenbach C, Yang K, Hubbell WL, Khorana HG. Requirement of
rigid-body motion of transmembrane helices for light activation of rhodopsin.
Science 1996;274:768-770.

Yang K, Farrens DL, Altenbach C, Farahbakhsh ZT, Hubbell WL, Khorana HG.
Structure and function in rhodopsin. Cysteines 65 and 316 are in proximity in a
rhodopsin mutant as indicated by disulfide formation and interactions between
attached spin labels. Biochemistry 1996;35:14,040-14,046.

Sheikh SP, Zvyaga TA, Lichtarge O, Sakmar TP, Bourne HR. Rhodopsin activation
blocked by metal-ion-binding sites linking transmembrane helices C and F. Nature
1996;383:347-350.

Roth BL, Shoham M, Choudhary MS, Khan N. Identification of conserved aro-
matic residues essential for agonist binding and second messenger production at
5-hydroxytryptamine2A receptors. Mol Pharmacol 1997;52:259-266.

Fu D, Ballesteros JA, Weinstein H, Chen J, Javitch JA. Residues in the seventh
membrane-spanning segment of the dopamine D2 receptor accessible in the
binding-site crevice. Biochemistry 1996;35:11,278-11,285.

Rosendorff A, Ebersole BJ, Sealfon SC. Conserved helix 7 tyrosine functions as an
activation relay in the serotonin 5HT(2C) receptor. Brain Res Mol Brain Res
2000;84:90-96.

Sylte I, Bronowska A, Dahl SG. Ligand induced conformational states of the
5-HT(1A) receptor. Eur J Pharmacol 2001;416:33-44.

Lopez-Rodriguez ML, Vicente B, Deupi X, et a. Design, synthesis and
pharmacological evaluation of 5-hydroxytryptamine(1la) receptor ligands to
explore the three-dimensional structure of the receptor. Mol Pharmacol 2002;62:
15-21.

Strzelczyk AA, Jaronczyk M, Chilmonczyk Z, Mazurek AP, Chojnacka-Wojcik E,
Sylte |. Intrinsic activity and comparative molecular dynamics of buspirone ana-
logues at the 5-HT(1A) receptors. Biochem Pharmacol 2004;67:2219-2230.
Chambers JJ, Nichols DE. A homology-based model of the human 5-HT2A recep-
tor derived from an in silico activated G protein coupled receptor. J Comput Aided
Mol Des 2002;16:511-520.



58

49.

50.

51.

52.

53.

54.

55.

56.

57.

Westkaemper and Roth

Ebersole BJ, Visiers |, Weinstein H, Sealfon SC. Molecular basis of partial agonism:
orientation of indoleamine ligands in the binding pocket of the human serotonin
5-HT2A receptor determines relative efficacy. Mol Pharmacol 2003;63:36-43.
Rashid M, Manivet P, Nishio H, et al. Identification of the binding sites and selec-
tivity of sarpogrelate, a novel 5-HT2 antagonist, to human 5-HT2A, 5-HT2B and
5-HT2C receptor subtypes by molecular modeling. Life Sci 2003;73:193-207.
Rivail L, Giner M, Gastineau M, et al. New insights into the human 5-HT4 recep-
tor binding site: exploration of a hydrophobic pocket. Br J Pharmacol 2004;143:
361-370.

Hirst WD, Abrahamsen B, Blaney FE, et a. Differences in the central nervous
system distribution and pharmacology of the mouse 5-hydroxytryptamine-6 recep-
tor compared with rat and human receptors investigated by radioligand binding,
site-directed mutagenesis, and molecular modeling. Mol Pharmacol 2003;64:
1295-1308.

Pullagurla MR, Westkaemper RB, Glennon RA. Possible differences in modes of
agonist and antagonist binding at human 5-HT6 receptors. Bioorg Med Chem Lett
2004;14:4569-4573.

Bissantz C, Bernard P, Hibert M, Rognan D. Protein-based virtual screening of
chemical databases. 11, Are homology models of G protein coupled receptors suit-
able targets? Proteins 2003;50:5-25.

Evers A, Klabunde T. Structure-based drug discovery using GPCR homology
modeling: successful virtual screening for antagonists of the alphalA adrenergic
receptor. J Med Chem 2005;48:1088-1097.

Vedani A, Zbinden P, Snyder JP. Pseudo-receptor modeling: a new concept for the
three-dimensional construction of receptor binding sites. J Recept Res 1993;13:
163-177.

Schleifer KJ, Tot E, Holtje HD. Pharmacophore and pseudoreceptor modelling of
class Ib antiarrhythmic and local anaesthetic lidocaine analogues. Pharmazie 1998;
53:596-602.



3

Polymorphic and Posttranscriptional
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Summary

This chapter first describes the structural changes involved in genetic
polymorphisms, mRNA editing, and alternative mRNA splicing of
5-hydroxytryptamine (5-HT) receptors. These structural changes lead to
modifications in the production and characteristics of 5-HT receptors and
affect protein expression. Functionally, they affect radioligand binding,
signal transduction, and receptor sensitivity, thus affecting interindividual
variation in responses to therapeutic agents, particularly antipsychotics
and antidepressants. Studies indicate that genetic polymorphic and post-
transcriptional modifications of 5-HT receptor structure contribute also
to pathological processes related to irritable bowel syndrome, cardio-
pulmonary problems, psychiatric illness (i.e., schizophrenia and mood
disorders), Alzheimer’s disease, problems involving increased food and
alcohol intake, and behavioral problems such as impulsivity, self-harm,
and aggression. In the second part of this chapter, the 5HT,,, 5HT,¢, and
S5HT, receptors are used to illustrate the structural changes involved in
genetic polymorphisms, mRNA editing, and alternative mRNA splicing
along with their functional consequences and pathological implications.
Finally, this chapter describes the most salient posttranslational modifica-
tions of the SHT receptors, which involve the chemical modification of
the protein after its translation.
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1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) exerts its physiological effects viaits
interaction with as many as 15 distinct and diverse G protein—coupled receptors
(GPCRs), which are organized into seven distinct classes (5-HT, to 5-HT,)
based on their structural and operational characteristics. (See Chapter 1 for
athorough review.) Over the last decade, it has become clear that the mole-
cular and functional diversity of the 5-HT receptor subtypes is even more
heterogeneous when one considers the effects of genetic polymorphisms, post-
transcriptional modifications (i.e.,, mMRNA editing and alternative mRNA splic-
ing), and posttrandational modifications (i.e., phosphorylation). These structural
changes lead to modifications in the production and characteristics of 5-HT
receptors and affect protein expression. Functionally, they affect radioligand
binding, signal transduction, and receptor sensitivity, thus affecting interindivid-
ual variation in responses to therapeutic agents, particularly antipsychotics and
antidepressants (1-3). Given that the greatest concentration of 5-HT (90%) is
found in the enterochromaffin cells of the gastrointestinal tract and that the
effects of 5-HT are felt prominently in the cardiovascular and central nervous
systems (CNS), it is not surprising to find that genetic polymorphic and post-
transcriptional modifications of 5-HT receptor structure contribute also to
pathological processes related to irritable bowel syndrome (4-11), cardiopul-
monary problems (12-16), psychiatric illness (i.e., schizophrenia and mood
disorders) (17-21), Alzheimer’s disease (22—24), problems involving increased
food and alcohol intake (25-30), and behavioral problems (i.e., impulsivity,
self-harm, and aggression) (31-38).

This chapter first describes the structural changes involved in genetic poly-
morphisms, mRNA editing, and aternative mRNA splicing. The 5SHT,,, S5HT ¢,
and 5HT, receptors are used to illustrate these structural changes along with
their functional consequences and pathological implications. The second part of
this chapter describes the most salient posttrandational modifications, which
involve the chemical modification of the protein after its trandation.

2. Genetic Polymorphisms

Approximately 80% of segquence variations in genes encoding proteins
involve an exchange of a single nucleatide (called single-nucleotide polymor-
phism or SNP) (39,40). SNPs are present in both the coding and noncoding
regions of the genome, they are usually biallelic, and two-thirds of them
involve the replacement of cytosine (C) and thymine (T) (www.ncbi.nim.gov).
SNPs are of interest for several reasons (41): First, linkage analysis has not yet
identified loci for complex diseases (42,43); second, SNPs are abundant (over
1 million SNPs are found across the human genome), thus providing many
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markers near or in any locus-of-interest (39) assays in which wild-type,
mutant, and heterozygous alleles are easily discriminated for association
studies (39,41,44,45).

Association studies examine whether SNPs located in genes are biological
markers for disease-causing genes (46). SNPs directly affect protein structure or
expression levels, thus becoming candidates for disease development or risk
factors affecting the course of disease (47). Although individuals demonstrate
similar physical or psychological disease and behavior phenotypes, pharmaco-
genetic studies indicate that distinct genetic profiles influence response to drug
treatment (48). Pharmacogenetic studies, which deal with the genetic basis
underlying interindividual differences in drug response (48), are designed to
examine which SNPs affect the pharmacodynamics of drugs (39).

3. Posttranscriptional Modifications

Genes can be altered posttranscriptionally by the processes of mRNA edit-
ing and alternative mRNA splicing.

3.1. mRNA Editing

The process of mMRNA editing involves the alteration of codons (the
sequence of nucleotides) in the RNA after it has been transcribed from DNA
but before it is translated into protein (49-51). RNA editing occurs by two
mechanisms: substitution editing or insertion, and deletion or modification (52).
Substitution editing involves chemical alterations of nucleotides, which result in
cytidine deamination (which converts cytidine to uracil) or in adenosine deam-
ination (which converts adenosine to inosine) (5-HT,c.,s/R) (53). This change
in codons of the MRNA leads to different protein isoforms, which are struc-
turally truncated and/or contain amino acids not encoded by the original
nonedited transcript (49,51). The protein isoforms are cell- and tissue-specific,
demonstrating distinct physiological properties (2). Within the 5-HT receptor
family, the 5-HT . receptor subtype is the only receptor known to be regulated
by mRNA editing (2,54). The specific mechanisms involved in 5-HT ,. recep-
tor RNA editing are elucidated later in this chapter.

3.2. Alternative mRNA Splicing

In eukaryotes, preemRNA molecules undergo splicing, a process that
removes introns (noncoding regions) from pre-RNA and leaves the exons to
create the mature message. During aternative RNA splicing, exons are included
or targeted for removal in different combinations, thereby providing an impor-
tant source of 5-HT receptor heterogeneity (55). Alternative splicing can occur
in the 3 or 5" untranglated regions (UTRS) or in the protein-coding sequence,
and it affects protein expression (55).
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Molecular biological studiesindicate that isoforms or splice variants exist in
the human brain for genes encoding receptor subtypes of 5-HT,, (56), 5-HT ¢
(3,57), 5-HT, (58-60), 5-HT, (61,62), 5-HT, (63), and 5-HT (64) receptors.

Alternative mRNA splicing can have both functional and pathophysiological
(64) relevance. For example, the human 5-HT7 receptor gene contains at least two
introns and encodes a 445-amino-acid 5-HT receptor; three splice variants of the
5-HT7 receptor (a, b, and d) are localized in various human tissues, including
the heart, small intestine, colon, ovary, and brain (65). The 5-HT, splice variants
differ in the lengths of their intracellular carboxy-terminal tail (66) and severa
studies have examined their pharmacological profiles and ability to activate
adenylyl cyclase (AC) (66,67). Results indicated that any functionally important
differences among the three isoforms are not likely to involve differences in
ligand binding or differences in adenylate cyclase coupling. The 5-HT7 receptor
splice variants in the brain are of interest because they are thought to be impli-
cated in depression (64).

3.2.1. 5HT,, Receptor Heterogeneity

The human 5-HT,, receptor gene, HTR2A, is located on human chromo-
some 13g14-21 (www.ncbi.nlm.nih.gov) and is composed of 471 amino acids
(68). It is widely distributed in peripheral and central tissues (68,69). 5-HT,,
receptor heterogeneity is affected by genetic polymorphisms and alternative
splicing.

3.2.1.1. GENETIC POLYMORPHISMS

Seven SNPs are located within the coding region of the 5-HTR,, receptor.
Two of the seven SNPs (T102C and C516T) are silent mutations and do
not cause a change in the protein (70,71). The T102C variant consists of a
thymidine—cytidine substitution. Although the T102C polymorphism is silent, it
has been the focus of many association studies examining the expression of
psychosis and depression in individuals with schizophrenia (72,73), mood dis-
orders (18,24,74-77), and Alzheimer’'s disease (AD) (22,23,78,79). Results of
associations in schizophrenia are varied with many case-control and family-
based studies showing an association between the T102C SNP and the etiology
of schizophrenia (73,80-82). In their recent meta-analysis of 31 case-control
studies, Abkolmaleky et al. (73) found a significant association of both the
C alele and CC homozygosity with schizophrenia in European patients; this
finding was not confirmed in samples from East Asian countries. Results of a
metaanalysis of five family-based association studies found no significant asso-
ciation; however, the polled odds ratio (OR) was 1.3 (p = 0.14) (73). In mood
disorders, several studies (19,74,77,83) did not find an association between the
102C allele and the diagnoses; however, two studies (76,84) found a significant
association between the 102C allele and suicidal ideation. For example, when
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Fig. 1. SNPs on the 5-HT,, receptor. Five SNPs (Thr25Asn, 11€197Val, Ser421Phe,
Alad47val, and HisA52Tyr) on the human 5-HT,, receptor are shown by black circles.

Arias et a. (84) genotyped 159 Spanish patients with major depression and
164 unrelated and healthy controls, they found that those patients carrying the
102C allele had more than five times the risk for attempting suicide than non-
carriers (OR = 5.50, p = 0.01). Finally, several association studies that focused
on late-onset AD reported an association between the presence of the C102
allele and the presence of psychosis (85,86), delusions (79), hallucinations (22),
and comorbid depression (23).

Five SNPs (Thr25Asn, 11€197Val, Ser421Phe, Alad47Val, and His452Tyr)
result in a change in an amino acid (see Fig. 1). The Thr25Asn (T25N), variant
involves a subgtitution of threonine by asparagine; it is located in the extracellu-
lar region on the N-terminus. The 11€197Val (1197V) variant involves a substitu-
tion of isoleucine by valine; it is located on the internal portion of the fourth
intracellular loop. Finally, three variants (Ser421Phe, Alad47Val, and His452Tyr)
are located in the C-terminal region of the receptor gene, which is thought to be
a coupling domain (87). The Ser421Phe (S421F) variant involves a serine
to phenylalanine subgtitution; the Alad47va (A447V) variant involves an da
nine to valine substitution; and the His452Tyr (H452Y) variant involves a low-
frequency histidine to tyrosine substitution. As indicated in Table 1, the rarer
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Table 1
Allele Frequencies for Functional SNPs
in the Coding Region of HTR2A and HTR2C

Receptor Average estimated Minor alele
subtype SNP heterozygosity frequency
5-HT,, Thr25Asn 0.041 0.021
I1e197va 0.015 0.008
Ser421Phe 0.476 0.390
Alad47val 0.022 0.011
His452Tyr 0.143 0.077
5-HT ¢ Leudval 0.027 0.014
Cys23Ser 0.267 0.158

alele frequencies of these SNPs vary between 0.008 for 1197V and 0.390 for
SA21F (www.ncbi.nlm.nih.gov).

The five functiona SNPs might be important determinants of the pharma-
codynamics of agonists and antagonists at the 5-HT,, receptor. In a recently
published in vitro study, Harvey and colleagues (88) assessed 5-HT binding,
signal transduction, and receptor sengitivity for four SNPs (T25N, 1197V, Ad47V,
and H452Y) in a Sf9 insect cell line. Although they found no difference among
the SNPs in sensitivity of the 5-HT,, receptor to loxapine antagonism of sero-
tonin stimulation, they did find a twofold reduction in sengitivity of the 1197V
polymorphism to clozapine antagonism of serotonin stimulation (1Cg, vaue of
wild type = 109.1 vs 1197V = 223.4, p = 0.03). Additionally, the 1197 allele did
not have a significantly altered response from the wild-type alele to serotonin
agonism, thus suggesting specificity for receptor antagonism. Two in vivo stud-
ies (87,89) examined intracellular 5-HT—induced Ca?* release by platelets. In
the first study of 16 patients diagnosed with seasona affective disorder (SAD),
Ozaki et a. (87) reported no significant difference in radioligand binding to
platelet 5-HT,, receptors, however, the rarer alele showed diminished signa
transduction, as demonstrated by a blunting of the shape of the Ca?* response
mohilization peak for heterozygotes (452H/452T) compared with homozygotes
(452H/452H). In their study of platelets of 27 male subjects (including 14 grad-
uates of aresidential alcohol unit and 13 nonpatient volunteers), Reist et d. (89)
reported that subjects with increased measures of impulsivity showed decreased
postreceptor 5-HT function and no significant effect of H452 genotype on
5-HT-induced Ca?* release or fenfluramine-induced prolactin release by the
pituitary. Notably, one available Y 452/Y 452 homozygote had diminished Ca?*
release and one of the highest levels of fenfluramine-stimulated prolactin release;
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the low frequency (0.008) of this genotype in the population makes replication of
this finding difficult (38). Most recently, Hazelwood and Sanders-Bush (90)
investigated agonist-stimulated signaling in NIH3T3 cells; their data indicated
that the 452Tyr variant was associated with a loss of agonist-induced high-
affinity binding, a decreased turnover of guanosine 5’-O-(3-[(35)Fthio)triphos-
phate after agonist stimulation, and a blunted signal downstream of receptor
activation.

Several pharmacogenetic studies examined the relationship between H452Y
and clinical response to clozapine in individuals with schizophrenia meeting cri-
teria for treatment refractoriness or intolerance to typical antipsychotic therapy
(92) (see Table 2). Although comparison across these studies is difficult because
the studies varied in severa parameters, including (1) sample size and ethnicity,
(2) duration of drug treatment, (3) assessment methods, and (4) selected out-
come measures, most studies supported an association between the frequency of
the Y452 alele and nonresponse to clozapine. Duration of treatment is espe-
cially important because it has been observed that many patients need at least
3 mo to respond to clozapine (92). In a meta-analysis of six studies conducted
prior to 2000 (n = 373 responders and n = 360 nonresponders), Arranz et a. (93)
showed a significant association between alele Y452 and poor response to
clozapine (p = 0.008); homozygosity for Y452 was also related to poor clozap-
ine response (p = 0.04). Only one study (94) examined the relationship between
the T25N variant and clozapine response; no association was found.

Two pharmacogenetic studies examined the association between 5HT,, SNPs
and clinical responses to olanzapine and risperidone (Table 2). The first study
(95) examined genotypic data from 41 patients and reported no correlation
between T25N and H452Y SNPs and 6 wk olanzapine response. The second
study (96) examined genotypic data from 73 Japanese patients at wk 8 of risperi-
done administration and found no association between the H452Y SNP and
clinica symptoms. Because atypica antipsychotic drugs target multiple recep-
tors, one research group investigated whether an atypical antipsychotic drug
response could be predicted using a combination of polymorphisms in targeted
receptors (97,98). In a sample of 200 caucasians of British origin with schizo-
phrenia, Arranz et al. (97) reported that the H452Y SNP, in combination with
five other SNPs (from the 5-HT,., the serotonin transporter [5-HTT] receptor
genes, and Histamine2) predicted 76-86% clozapine response (p = 0.0001). The
smpler combination of T102/— and H452/H452 in the 5-HT,, receptor predicted
good clozapine response in 80% of patients. In another sample of 92 patients
from northern Spain, this same group reported that a combination of polymor-
phisms that included the H452Y SNP predicted a 3-mo olanzapine response
(PPV = 76%, p = 0.07) and risperidone response (PPV = 88%, p < 0.001) as
defined by the Positive and Negative Symptom Scale (PANSS) and Global



99

Table 2
Association Studies of SNPs of 5-HT,, and Atypical Antipsychotic Drug Response

5HT2A Drug Participants Response
variant (duration) (descent) criteria Results Ref.
H452Y Clozapine 102 Responders GAS Frequency of Try452 alele 93
(over 6 wk) 58 Nonresponders higher among nonresponders
178 Normal controls (11%) vs responders (6%)
(British)
H452Y Clozapine 73 Responders GAS Higher frequency of 94
T25N (at least 73 Nonresponders Try452 alele among
28 d) (German) nonresponders (16%)
Vs responders (6%)
but not statistically
significant
H452Y Clozapine SCZ or ScAD BPRS Higher frequency of 169
(wk 10) 21 Responders Try452 alele among
49 Nonresponders nonresponders (16%)
Vs responders (6%)

but not statistically
significant
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H452Y Clozapine 97 Responders BPRS Frequency of Try452 alele 170

(6 mo) 88 Nonresponders cal higher among nonresponders
(15%) vs responders (7%)
H452Y Clozapine 79 Responders GAS Frequency of Try452 alele 93
(over 6 wk) 35 Nonresponders higher among nonresponders
(16%0) vs responders (10%)
H452Y Risperidone 73 Japanese PANSS No correlation 96
(8 wk) patients with SCZ
H452Y Olanzapine 41 Patients with SCZ BPRS No correlation 95
T25N 7.5-20 mg (21 First bresk; SANS
(up to 5 wk) 20 Chronically ill)

Abbrevations. CGl, Clinical Global Impressions scale; SCZ, schizophrenia; GAS, Global SczAD (schizoaffective disorder);
PANNS, Positive and Negative Syndrome Scale; BPRS, Brief Psychiatric Rating Scale; SANS, Scale for the Assessment of
Negative Symptoms.
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Assessment Scale (GAS). These preliminary results suggest that a combination
of polymorphisms in the HTR2A gene can be used to predict atypical antipsy-
chotic drug response.

Because abnormalities in serotonergic function have been implicated in
theetiology of bipolar affective disorder (BAD), several investigators have
examined whether SNPs in the HTR2A gene confer genetic susceptibility to the
disorder (99-102); most studies reported no association. Arranz et a. (99) and
Gutierrez et a. (100) reported no differences in frequency of T25N and H452Y
genotypes for individuals with BAD vs controls for individuals of German,
British, or Spanish origin. Etian et a. (102) reported no association between the
H452Y polymorphisms and BAD in a large west European sample (356 BAD
patients vs 208 hedthy controls. Ranade et a. (101) reported a significant asso-
ciation between H452Y and bipolar | disorder (BDI) in a family-based sample of
93 BDI cases vs controls (n = 92).

3.2.1.2. ALTERNATIVE SPLICING

Guest et a. (56) reported an alternatively spliced 5-HT,, receptor variant
(a 118-bp insertion at the exon I1/111 boundary) that produces a frame shift
in the coding sequence and a premature stop codon. They reported that the
truncated receptor (5-HT 44y and native 5-HT ,,) r Were coexpressed in most
brain tissues, with the highest levels being found in the hippocampus, corpus
callosum, amygdala, and caudate nucleus. Western blot analysis of HEK-293
cells transfected transiently with a 5-HT ,, 4 construct showed that a 30-kDa
protein was expressed on cell membranes. Binding studies showed no effect of
the 5-HT 4.y Variant on 3H-ketanserin binding to the native 5-HT 5. Func-
tionaly, there was no effect on coupling of the 5-HT ., 5 to 5-HT-stimulated
Ca?* mobilization.

3.2.2. 5-HT, Receptor Heterogeneity

The human 5HT ¢ receptor gene, HTR2C, is located on human chromosome
Xq24 (www.ncbi.nim.nih.gov) and contains six introns and five exons (103). It
is expressed in the highest density in the choriod plexus and is widely distributed
in the CNS (i.e., hippocampus, olfactory bulb, striatum, and cortex) (68,104).
Its heterogeneity is affected by genetic polymorphisms, RNA editing, and ater-
native splicing.

3.2.2.1. GENETIC POLYMORPHISMS

To date, investigators have located two SNPs within the coding regions of
HTR2C: L4V and C23S (www.ncbi.nim.nih.gov; see Fig. 2). The first SNP
involves a leucine for valine substitution and is located in the extracellular
region on the N-terminus. The frequencies of the L4 and V4 aleles are reported
to be 0.984 and 0.0014, respectively (www.nchi.nlm.nih.gov). In caucasians,
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Fig. 2. SNPs on the 5-HT,. receptor. Two SNPs (Leud4Va and Cys23Ser) of the
human 5-HT . receptor are shown by black circles.

the frequencies of the Cys23 alele and Ser23 allele are reported to be 0.842
and 0.158, respectively (105) (www.ncbi.nim.nih.gov). The second genetic
polymorphism in the first exon, identified as the C23S polymorphism (105),
involves a cysteine for serine substitution and is located in the extracellular
N-terminus region of the receptor gene (www.nchi.nlm.nih.gov).

The C23S SNP has been studied and it appears to affect receptor function.
Most recently, Okada et a. (106) examined receptor function in COS-7 cells.
Ser23-expressed membranes showed reduced “ high-affinity binding.” Also, data
from 5-HT—stimulated intracellular Ca?* mohilization indicated that the Ser23
required higher 5-HT concentrations to dicit the same dose—response curve as
Cys23; these researchers speculated that this difference could reflect increased
desensitization of Ser23.

Regarding pathological processes, the C23S polymorphism has been exam-
ined for its association with psychotic symptoms in late-onset AD and both
etiology and drug response in schizophrenia and mood disorders. In alate-onset
AD sample, Holmes et a. (22) confirmed an earlier finding of an association
between the presence of the Ser23 alele and visual hallucinations In addition,
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there was an association between the C23S polymorphism and hyperphagia
(p=0.03). When Murad et a. (107) used the transmission disequilibrium test
(TDT) to examine for linkage to schizophrenia in 207 nuclear families with a
child with schizophrenia, they found no evidence linking C23S and schizophre-
nia. This finding supported an earlier study by Sodhi et al. (167) that reported
no association between the presence of the C23S alleles and schizophrenia
(102 patients vs 162 controls); however, this study did revea a significant asso-
ciation between the Ser23 alele and clozapine response (in individuals with at
least one Ser23 alele, 90.5% responded to clozapine vs in individuals without
this allele, 59% responded). Another association study (108) indicated that the
C23S variant is associated with an increased risk for hospitalization in individ-
uals with schizophrenia. Meanwhile, Assal et al. (79) did not find an association
of the C23S variant with psychosisin AD.

Using subjects from the European Collaborative Project on Affective Disor-
ders, Lerer et a. (109) reported a significant excess of the Ser23 alele in 513
patients with recurrent major depression (p = 0.006) and 649 patients with
bipolar disorder (p = 0.02) vs 901 normal controls. There was also considerable
variability in the frequency of this allele across ethic groups.

The 5-HT,. receptors are involved in the regulation of feeding behaviors;
rodents lacking this gene become obese from increased food intake (110,111).
In humans, there is considerable evidence that a SNP in the promoter region of
the HTR2C gene (—759C/T) is arisk factor for obesity (112). Basile et a. (113)
genotyped 80 patients with schizophrenia and reported a trend for patients
carrying only the serine variant of the C23S polymorphism to have a higher
mean weight gain following 6 wk of clozapine treatment. Westberg et al. (114)
examined the association between the C23S SNP and weight loss in teenage
girls. Dataindicated that subjects in a weight-loss group (n = 57) differed sig-
nificantly from normal-weight girls (n = 91) in the frequency of the serine
alele (23.7% vs 7.7%, respectively).

3.2.2.2. MRNA EDITING

A landmark paper by Burns and colleagues (115) first described RNA edit-
ing eventsin rat brain. RNA editing involved an adenosine to inosine substitu-
tion, required the action of two separable double-stranded RNA (dsRNA) and
adensosine deanimase(s) (ADARSs), and occurred at four sites (A, B, C, and D)
located within the second intracellular loop of the receptor. RNA editing in the
r5-HT . receptor resulted in seven major isoforms (VNV, VSV, VNI, VSI, INV,
ISV, and INI) encoded by 11 RNA species (115). Also, patterns of RNA edit-
ing were tissue-specific; the most common variants (VNV, VSV, VNI, and VSI)
were expressed in the whole brain and hippocampus, whereas the least common
variants (INV, 1SV, and INI) were expressed in the choroid plexus. Functionally,
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Fig. 3. RNA editing of the 5-HT . receptor. RNA editing sites of the human 5-HT ¢
receptor are shown by black circles.

the VSV receptor isoforms was associated with decreased potency of 5-HT for
active phosphoinositide hydrolysis (115).

Extending studies to human brains, Fitzgerald et a. (52) generated stable cell
lines by transfecting human embryonic kidney 293E (HEK293E) cells with
cDNAsfor the INI, VNV, VSV, or VGV edited isoforms of human 5-HT . recep-
tor MRNA. Results indicated that RNA editing occurred at five sites (A, B, C, D,
and E); the additional site (E) contributed to the diversity of the receptor by
resulting in 14 protein isoforms. The editing is catalyzed by three adenosine
deaminases (ADAR1, ADAR2, and ADARS) and their isoforms (57,116). The
posttranscriptional modification that involves adenosine-to-inosine RNA editing
occurs on exon 5 in a region that encodes the second intracellular loop of the
5-HT, receptor, aregion that is important for G protein coupling (115,117,118;
see Fig. 3).

Functionally, in mammalian cells, edited 5-HT,. receptor mRNA isoforms
appear to be tissue-specific and function less efficiently than the origina non-
edited transcript (52,119). Marion et a. (120) reported that RNA edited forms
of the 5-HT,. receptor showed lesser degrees of constitutive activity than the
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nonedited forms of the receptor in HEK293 cells. In addition, their internaliza-
tion is mediated by a G protein—coupled receptor kinase (GRK)/B-arrestin
2-dependent mechanism. Wang et al. (116) described a 13-fold reduction
in agonist potency and reduced basal level activity for a thalamus-specific
isoform (5-HT,,cy/R) and a fourfold to fivefold reduction in agonist potency
for two other isorforms (5-HT,- ,s/R and 5-HT,.,g/R) in the amgdala and
choriod plexus. Likewise, another extensively edited isoform (5-HT,c.,s/R)
in the human brain exhibited lower constitutive activity as compared to the
nonedited version (5-HT,.,y, receptor) (121,122). Niswender et a. (121)
demonstrated that the hallucinogenic drugs DOI and DMT exhibited lower
affinity and potency when interacting with the edited h5-HT 5, receptor as
compared to h5-HT ., receptor. However, the agonist LSD and three antipsy-
chotic medications (clozapine, loxapine, and risperidone) were unable to dlicit
a phosphoinositide hydrolysis response expressing the h5-HT .5, receptor.
To test the hypothesis of a possible role for 5-HT,.R editing in the etiology
and pharmacotherapy of schizophrenia, several studies (3) have used total
RNA obtained from postmortem human brain samples to investigate the effi-
ciency of 5-HT,.R editing in the dorsolateral prefrontal cortex (DLPFC) of
individuals diagnosed with schizophrenia (SCZ); results are contradictory.
One study (167) examined samples from Brodman area 46 of five SCZ
patients and five normal controls (NCs) and reported reduced RNA editing,
increased expression of the unedited 5-HT,,, isoform (p = 0.001) and
decreased expression of two novel mRNA edited variants [5-HT . g, and
5-HT ,c.yny] isoforms for the schizophrenia groups. In contrast, two studies (3)
suggested that there were no alterations in editing of the h5-HT,. receptor
that are associated with schizophrenia. One study (3) examined Brodman area
46 and found that editing efficiencies at all five editing sites were not sig-
nificantly different between 15 elderly individuals diagnosed with SCZ
and 15 NCs (ts < 1.3, df = 28, p > 0.24). Although the second study by
Niswender et al. (20) found no differences in mMRNA levels between 13 sub-
jects with SCZ or depression and 13 NCs, they did report that individuals
who had committed suicide exhibited a small but significant elevation of
editing at the A-site, regardless of diagnosis. These findings were further
supported by a recent study (123) of prefrontal cortex samples of patients
with bipolar disorder, schizophrenia, and major depression. Compared with
controls, there were nonsignficant trends for increased site-D RNA editing in
depression patients (p = 0.08) and for increased site A RNA editing in suicide
victims (p = 0.07). Most recently, Gurevich et al. (124) reported a significant
increase in E-site editing and a significant decrease in D site editing (Brodman
area 9) among suicide victims with a history of major depression. Noting that,
in mice, fluoxetine resulted in editing changes that were opposite those seen
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Fig. 4. Alternative splicing of the 5-HT, receptor. Shown is the truncated form of
the human 5-HT,. receptor with a premature termination that results in a truncated
receptor.

in suicide victims, Gurevich et al. (124) suggested that this antipdepressant
drug might reverse RNA editing abnormalities in depressed suicide victims.

3.2.2.3. ALTERNATIVE SPLICING

In the 5-HT, receptor, aternative splicing results in the generation of two
variants: a truncated nonfunctional receptor (5-HTR-tr) and 5-HT,.R-COOH
(116,125); both encode nonfunctional receptor proteins (see Fig. 4). In addi-
tion, an alternatively spliced 5-HT . receptor RNA that contains a 95-nt deletion
in the region coding for the second intracellular loop and the fourth transmem-
brane domain of the receptor has been identified (103). This deletion appearsto
lead to a frame shift and premature termination so that the short isoform RNA
encodes a putative protein of 248 amino acids. Xie et a. (103) reported that
the ratio for the short isoform over the 5-HT, receptor RNA was higher in a
choroid plexus tumor than in normal brain tissue, suggesting the possibility of
differential regulation of the 5-HT,. receptor transcription in different neura
tissues or during tumorigenesis. In another study (3), which examined whether
the splicing of 5-HT . receptor mRNA was in the DLPFC of 15 elderly individ-
uals diagnosed with SCZ vs 15 NCs, they found no differences between the
groups. However, it was suggested that alterations in the expression of the
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truncated receptor relative to the functional protein could be associated with
subject-to-subject variances in the course of the treatment of schizophrenia.

3.2.3. 5-HT, Receptor Heterogeneity

The human 5-HT, receptor is located on human chromosome 5g31-5033
(126) (www.nchi.nlm.nih.gov) and is composed of 387 amino acids (127,128).
It is widely distributed in both central and peripheral tissues. Its heterogeneity
is affected by genetic polymorphisms and alternative splicing.

3.2.3.1. GENETIC POLYMORPHISMS

Suzuki et al. (126) used denaturing high-performance liquid chromatography
(dHPLC) followed by direct sequencing to detect one silent mutation in the
HTR4 coding region and six SNPs in the intron regions of the HTR4 gene.
Ohtsuki et al. (129) identified eight polymorphisms of the HTR4 gene; four
were at or very near the four splice variant regions encoding the C-termina
tail of the receptor and showed significant association with bipolar disorder
(OR > 1.5). To date, there are no reported functional SNPs in the coding region
of the HTR4 gene (www.ncbi.nlm.nih.gov).

3.2.3.2. ALTERNATIVE SPLICING

The HTR4 gene produces nine splice variants: 5-HT ), 5-HT ), 5-HT ),
5-HT g, 5-HT ), 5-HT ygery, 5-HT 4 (61,130). Although the stimulation of
cAMP istriggered by the activation of 5-HT,, there appear to be fine functional
differences in the pharmacological profiles of spliced variants. When Bender
et a. (61) compared the pharmacological profile of variant h to isoforms a and
b, they found no differences in receptor binding in COS-7 cells; however, they
did find that the 5-HT, antagonist GR113808 functioned as a partial agonist at
the 5-HT 4, variant compared to its antagonist action at the other two variants.
In contrast, Pindon et al. (131) reported that both ligand binding and signal
transduction varied between the 5-HT,, and h5-HT,, receptor splice variants
stably expressed in human embryonic kidney (HEK) 293 cells. The fraction
of the [3H]5-HT high-affinity site relative to the whole receptor population
measured with [3H]GR113808 was higher for the h5-HT,, isoform than for
the 5-HT,, isoform. Also, the potency and efficacy of several compounds
(5-methoxytryptamine, prucalopride, SDZ-HTF 919, and SB204070) varied at
each isoform.

Because the 5-HT, receptors mediate physiological effects in the heart, gut,
and CNS (132), splice variants of this receptor are thought to be involved in atria
arrhythmia, irritable bowel syndrome, and neurodegenerative diseases. Medhurst
et al. (132) used TagMan real-time quantitative reverse transcription—polymerase
chain reaction (RT-PCR) to investigate the mRNA distribution of 5-HT, receptor
C-terminal splice variants in multiple human CNS and periphera tissues. They
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reported that the highest CNS expression of 5-HT, receptor mRNA was observed
in the basal ganglia, amygdala, and hippocampus, however, there were differ-
ences in expression levels and distribution patterns of each variant. The 5-HT
splice variant was more highly expressed in al areas than other variants. Highest
levels of the 5-HT,, variant were found in the amygdala; 5-HT,, expression
was highest in the pituitary gland; and the highest levels of 5-HT, were
observed in the hypothaamus and cortex. Very low levels of 5-HT,, MRNA
were detected in the small intestine. In a recent study, Yusuf et a. (133) indi-
cated that |eft atrial dilatation favored the expression of the b isoform (5-HT )
after coronary artery bypass grafting (CABG) as compared to the a isoform
(5-HT ), which might predispose to atrial fibrillation or help prolong arrhyth-
mias post-CABG.

4. Posttranslational Modifications of Serotonin Receptors

Various covalent modifications can occur after a polypeptide has been trans-
lated. The modifications include phosphorylation, glycosylation, methylation,
attachment of lipids, ubiquitination, and so on. These modifications have been
implicated in the involvement of many biological pathways such as protein
folding, signal transduction, proteolysis, membrane anchoring/association, and
protein targeting. Nevertheless, among the various modifications, only palmi-
toylation, glycosylation, and phosphorylation have been reported to occur in
serotonin receptors thus far.

4.1. Palmitoylation

Palmitoylation is a post-translational covalent attachment of fatty acids
(mainly palmitic acid) to proteins via labile thioester bonds to cysteine residues
that occurs posttranscriptionally (134). It is alipid modification that is usually
reversible and it is known that proteins involved in signal transduction such as
GPCRs, a-subunits of G proteins, phospholipase C, adenylyl cyclase, and non-
receptor tyrosine kinase can be targets for palmitoylation (135-137). In GPCRs,
dynamic palmitoylation and depalmitoylation have been demonstrated to play
roles in the regulation of receptor function. For example, substitution of the
palmitoylated cysteine in [3,-adrenergic receptors leads to the receptor being
highly phosphorylated and largely uncoupled from G's in response to agonist
stimulation (138). In addition, the rate of palmitoylation of muscarinic acetyl-
choline receptor M2 subtypes was markedly accelerated by the addition of the
agonist and it was found that pal mitoylation enhances the ability of the recep-
tors to interact with G proteins (139). These findings show that palmitoylation
had different effects in different GPCRs.

Not much has been addressed regarding palmitoylation of serotonin recep-
tors. However, it was found that the mouse 5-HT,, receptor is modified by
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pamitic acid and palmitoylation efficiency was not modulated by agonist stim-
ulation (140). Blocking protein synthesis with cycloheximide resulted in a sig-
nificant reduction of receptor palmitoylation, which suggests that palmitoylation
occurs early after synthesis of the 5-HT,, receptor. Pulse-chase experiments
also showed that fatty acids were stably attached to the receptor and this means
that it is probably a relatively irreversible modification. By site-directed
mutagenesi s studies, two conserved cysteines (residue 417 and 420) at the prox-
imal C-terminal domain were identified as palmitoylation sites. Mutation of
individual cysteine residues reduced the ability of the receptor to couple with
Gi and impaired inhibition of adenylyl cyclase activity. Moreover, when the
two mutations were combined, the 5-HT,, receptor no longer coupled with
Gou subunits, which demonstrate the importance of palmitoylaion in activation
of the Gai protein. In addition, in nonpalmitoylated mutants, inhibition of
forskolin-stimulated cAMP formation as well as receptor-dependent activation
of extracellular signal-regulated kinase were also affected indicating the impor-
tant role of palmitoylation in receptor signaling via both Goi and GBy-mediated
pathways. Two ways in which palmitoylation could affect 5-HT,, receptor
function have been proposed: (1) It might be required for the receptor to adapt
a comformation, which facilitates receptor-G protein recognition/interaction,
and (2) it might be involved in receptor trafficking and/or localization to the
membrane subdomains, like lipid rafts.

Anaysis of the primary protein structure of the human 5-HT 5 receptor reveds
a putative site for palmitoylation, i.e., a cysteine residue located in the short
carboxyl tail of the receptor (141). A recombinant c-myc epitope-tagged 5-HT
receptor was expressed in Sf9 insect cells and palmitoylation of the receptor was
demonstrated by metabolic labeling of the cells with [*H]pamitic acid.

In the mouse, four 5-HT, receptor isoforms have been cloned (142). It has
been shown that among them, the 5-HT,, isoform undergoes reversible palmi-
toylation (143). Upon agonist stimulation, the turnover rate for receptor-bound
pamitate increases. In alater study, the functional roles of palmitoylation have
been addressed in a series of site-directed mutagenesis experiments that
mutated the potential palmitoylation sites in the 5-HT ,, receptor (143). It has
been found that in addition to Cys®® and Cys®®, a cysteine residue Cys®®,
which is located in the very distal part of the COOH-terminus of the receptor,
was also demonstrated to be another palmitoylation site. It was demonstrated
that mutation of the proximal palmitoylation site (Cys®?¢/Cys®?°) significantly
increases the capacity of receptors to convert from the inactive (R) to the active
(R*) form in the absence of agonist, whereas no such effect had been detected
in Cys®® — Ser as well as the triple, nonpalmitoylated mutant. It was therefore
suggested that the palmitoylation state of the receptor is probably able to
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modulate the agonist-independent constitutive 5-HT,, receptor activity. On
the other hand, palmitoylation does not seem to play rolesin 5-HT,’s ability to
interact with Gs, to stimulate adenylyl cyclase activity, or to activate cyclic
nucleotide-sensitive cation channels upon agonist treatment. Palmitoylation
also had no effect on the intracellular distribution of nonpalmitoylated recep-
tors. Based on the results, it was proposed that complete palmitoylation of the
5-HT,, receptor might result in the formation of two additional intracellular
loops (i4 and i5), which might be important in determining the basal level
of receptor activity in the absence of agonist. Inhibition of palmitoylation at
the receptor might change its conformation and affect its activation state.
However, the details underlying the mechanism are still unclear.

4.2. Glycosylation

Glycosylation is the addition of oligosaccharide side chains to a protein.
Glycosylation has been suggested to play rolesin protein folding and target-
ing, cell—ell adhesion, or regulatory roles in receptor signaling (e.g., Notch)
as well as many unknown functions (168). Glycosylation can be roughly
divided into two types: N-linked glycosylation and O-linked glycosylation.
N-linked glycosylation transfers oligosaccharide to the side-chain NH, group
of an asparagine amino acid in the protein, whereas O-linked glycosylation
adds oligosaccharide to the side-chain OH group of a serine or threonine
residue.

So far, not much is known regarding the glycosylation of serotonin receptors.
However, when the rat 5-HT . receptor was first identified by antibodies from
both cell line (3T3/2C) and rat brain, it was demonstrated that 5-HT . receptors
are N-glycosylated (144). In order to inhibit the de novo addition of sugar to
polypeptides, cultures of the 5-HT . receptor cell line were grown in the presence
of tunicamycin, which inhibits the biosynthetic addition of N-linked sugars. Upon
tunicamycin treatment, 5-HT,. receptor proteins exhibited masses of 40 and
41 kDa, significantly less than the 51- to 52- and 58- to 68-kDa receptors from
control cells. In addition, applying N-glycosidase F (PNGase F) cleaves the bond
between asparagines and N-acetylglucosamine and results in 5-HT . receptors
with masses of 41 and 42 kDa. On the other hand, O-glycosidase did not signif-
icantly ater the mass of the deglycosylated (N-linked) 5-HT,. receptor. How-
ever, the possibility of existence of O-linked sugars still could not be ruled out.

Identification of the 5-HT . receptor as a 60-kDa N-glycosylated protein in the
choroid plexus and hippocampus has a so been carried out in another study (145).
When rat choroid plexus and hippocampa membrane lysates were treated with
PNGase F, 5-HT . receptor polypeptides from both tissues were converted to a
sharp 38-kDa band. In atime-course experiment performed in the choroid plexus,
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it was demonstrated that PNGase F converted the broad 5-HT,. 60-kDa band
to a 5-HT,. 48-kDa band before the final 5-HT,. 38-kDa band appeared (146).
Interestingly, it seems that glycosylation was heterogeneous and irregular after
trangent or stable transfection of cultured cell lines. The different results obtained
from either in vivo or in vitro sources suggest that observations madein cell lines
might not reflect the in vivo situations.

The 5-HT,, receptor is aligand-gated ion channel that exists as a pentameric
oligomer. This receptor was predicted to have three potential N-linked glycosy-
lation sites with consensus amino acid sequence N-X-S/T (147). Quirk et al.
(146) used tunicamycin treatment and site-directed mutagenesis to inhibit selec-
tively N-linked glycosylation at each glycosylation site in the murine 5-HT,,
receptor and examined the resulting effects on receptor function and expres-
sion in transiently transfected heterologous cells. Their findings suggested that
N109 is necessary for receptor assembly, whereas N174 and N190 are important
for membrane targeting and ligand binding. Moreover, each glycosylation site
has been shown to be involved in 5-HT,, receptor-mediated Ca?* influx.
Recently, Monk et al. (148) investigated the presence and potential role of
N-glycosylation of the human 5-HT,, receptor subunit expressed in COS-7
cells. They demonstrated that by substituting four identified N-terminal
asparagines (N5, N81, N147, N163) using site-directed mutagenesis, each
expressed 5-HT,; mutant displayed a reduced molecular weight indicating that
each of the residues was subject to N-glycosylation. Further experiments
showed that inhibition of N-glycosylation by mutating the glycosylation sites
either prevented (N81, N147, N163) or greatly reduced (N5) the production of
a 5-HT; receptor binding site. In addition, immunocytochemica studies demon-
strated that each asparagine substitution either prevented (N81, N147, N163)
or reduced considerably (N5) mutant protein expression on the cell membrane.
In these studies, the importance of each glycosylation site in receptor function
was clearly demonstrated.

4.3. Phosphorylation

The majority of the studies examining the phosphorylation of serotonin
receptors have emphasized its role on receptor desensitization. A general mech-
anism of G protein—coupled receptor desensitization involves phosphorylation
of the intracellular domains of the receptor by second—messenger kinases such
as protein kinase A (PKA) or C (PKC) and specific G protein—coupled recep-
tor kinases, that lead to the binding of arrestins to the receptor and G protein
uncoupling (149,150). The mechanisms have been best elucidated for the
[B-adrenergic receptors, where desensitization is mediated by both BARK and
PKA (151). However, mechanisms underlying desensitization of serotonin
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receptors are still under investigation and current findings are summarized
asfollows.

4.3.1. 5-HT; 4, Receptor

Protein kinase C has been shown to induce phosphorylation and desensitiza-
tion of the human 5-HT,, receptor in Chinese hamster ovary (CHO) cellsin an
early study (152). It was found that there was a time- and dose-dependent
increase in phosphorylation of the 5-HT,, receptor by PMA, a PKC activator.
Raymond and Olsen (152) later examined the effects of short-term treatment with
PKA activators on coupling to the inhibition of adenylyl cyclase and phosphory-
lation of a human 5-HT,, receptor in CHO cells and the data suggested a poten-
tial subtle role for PKA in receptor phosphorylation and desensitization. However,
activation of PKA was found to be able to augment the actions of submaximally
but not maximally activated PKC on a 5-HT,, receptor. It therefore suggested a
cooperativity between PKA and PKC in 5-HT,, receptor phosphorylation and
desensitization existed. On the other hand, a study performed in Sf9 insect cells
(153) showed that brief pretreatment with 5-HT resulted in 5-HT,, receptor
desensitization and increased phosphorylation on serine and threonine residues.
Nevertheless, the 5-HT,, receptor appeared to be a substrate for phosphoryla-
tion by an endogenous, agonist-activated, heparin-sensitive kinase but not PKA or
PKC, as demonstrated by treating the cells with various kinase inhibitors.

Lembo and Albert (154), on the other hand, identified multiple phosphoryla
tion sites that are required for pathway-selective uncoupling of the rat 5-HT,,
receptor by PKC in Ltk™ fibroblasts. In Ltk~ cells, acute pretreatment with TPA
(which activates several isoforms of PKC) selectively reduces 5-HT-induced
increases in Pl turnover and intracellular calcium but not inhibition of the CAMP
level. Mutant 5-HT,, receptor lacking one, two, or three potential PKC phospho-
rylation sites in the third intracellular loop had been constructed by site-directed
mutagenesis and tested. Upon treatment with TPA, there was a progressive
recovery to 74% of the control 5-HT—induced increase in calcium mobilization
as PKC phosphorylation sites were moved from the receptor, suggesting the role
of these sites in receptor desensitization mediated by PKC. The residual
inhibitory effect of PKC activation on the triple mutant might be due to phos-
phorylation at additional sites on the receptor, G protein, or downstream effec-
tors. Later, in astudy performed in the excitable neuronal cdll line F11 (a dorsal
root ganglion neuron crossed with a neuroblastoma cell), the role of specific
PKC phosphorylation sites for modulation of the inhibitory coupling of a
5-HT,, receptor to N-type calcium channels was investigated using patch-clamp
techniques (155). The results suggested that among the four phosphorylation
sites within the 5-HT,, receptor (one in the i2 loop and three in the i3 loop),
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uncoupling of the 5-HT,, receptor from inhibition of N-type calcium channels
mediated by PKC is partly dependent on a PKC site (T149) located in the
second intracellular loop. However, it was proposed that downstream action of
PKC on G proteins or channel subunits might also be involved.

4.3.2. 5-HT 5 Receptor

Amino acid sequence analysis of the human 5-HT,; receptor has revealed
consensus phosphorylation sites in al intracellular loops for PKA and PKC.
Phosphorylation of the 5-HT g receptor was demonstrated by metabolic labeling
of the 5-HT 5 receptor-expressing Sf9 cells with [32Pi]phosphate (141). This
posttrand ational modification was proposed to be involved in receptor regulation
such as desensitization.

4.3.3. 5-HT,, Receptor

In order to identify residues essential for a agonist-mediated desensitization
rat 5-HT,, receptor, Gray et al. (156) mutated, individually or in groups, al of
the 37 serines and threonines (which are potential phosphorylation sites) in
the cytoplasmic domains of the receptor and assessed effects of these mutations.
It was found that mutation of two nonconserved serine residues ($421 in the
carboxyl-terminal tail and S188 in the second intracellular loop [to alanine])
significantly blocked agonist-induced desensitization of the receptor. Interest-
ingly, a SNP at the $421 locus (S421F) has been reported, and this mutation was
also demonstrated to have a significant effect on receptor desensitization. How-
ever, no direct evidence of phosphorylation of these residues has been reported
and the role of phosphorylation in 5-HT,, receptor desensitization needs to be
further investigated.

4.3.4. 5-HT ) Receptor

The 5-HT . receptor exhibits agonist-independent constitutive receptor acti-
vation. In the NIH/3T3 cell, it was demonstrated that the 5-HT, receptor is
phosphorylated under basal conditions and phosphorylation is increased by ago-
nist treatment conditions that result in desensitization of receptor signaling (157).
In alater study, Backstrom et al. (144) generated phophorylation-deficient rat
5-HT, receptors to determine if phosphorylation promotes receptor desensitiza-
tion. It was found that deletion of the PDZ recognition motif prevents receptor
phosphorylation. Moreover, the findings showed that phosphorylation-deficient
5-HT . receptors displayed identical initial responses as the wild-type receptor
in Pl hydrolysis and calcium release assays, but they exhibited diminished
secondary responses and a delayed recovery relative to wild-type receptors.
NIH/3T3 cells stably expressing 5-HT . receptors with a S459A mutation also
showed reduced receptor phosphorylation and secondary calcium responses. It
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was therefore proposed that 5-HT . receptor phosphorylation promotes resensi-
tization of receptor-mediated responses.

4.3.5. 5-HT; Receptor

To examine the phosphorylation of the myc-tagged wild-type 5-HT, recep-
tor subunits from the guinea pig, stably transfected HEK 293 cells were meta-
bolically labeled with [32P]phosphoric acid (158). It was demonstrated that both
splice variants of the 5-HT,, receptor subunit were phosphorylated. Moreover,
site-specific mutagenesis revealed that phosphorylation occurs at Ser409, a
potential target of PKA.

4.3.6. 5-HT, Receptor

In a study characterizing human 5-HT,, receptor desensitization in CHO
cells, four putative PKA phosphorylation sites located in the third intracellular
loop or the C-terminal tail were mutated by site-directed mutagenesis, given
the prominent role of PKA in agonist-mediated desensitization (159). How-
ever, none of the 5-HT, 5, mutants showed impaired receptor desensitization,
which suggests that PKA might act on certain honconsensus sites. Alterna-
tively, the 5-HT ,,, receptor might not necessarily be directly phosphorylated by
PKA upon receptor activation. Other proteins involved in the signaling pathway
might be the substrates for PKA instead.

4.3.7. 5-HT;, 5-HT, and 5-HT, Receptors

To date, no published data have been shown to indicate the role of phos-
phorylation in receptor regulation.

5. Conclusions

Evidence from in vitro and in vivo studies indicate that SNPs in the coding
regions, mRNA editing (in the 5-HT . receptor), and alternate mRNA splicing
events occur in several human 5-HT receptors. These modification are associ-
ated with the symptoms of some physical diseases and psychiatric disturbances;
they can ater the pharmacodynamics of antidepressants and antipsychotic
drugs. Further insights into these cellular mechanisms are important from a
public health perspective, as many antidepressants and antipsychotic medica-
tions are being used in the treatment of psychiatric disorders, either as a
monotherapy or augmentation strategy (160—166).

Regarding posttrand ational modifications, palmitoylation, glycosylation, and
phosphorylation have been found in 5-HT receptors; each of these modifica-
tions has distinct roles in regulation of receptor functions. It is well known that
phosphorylation, the modification of the serotonin receptors that has been
studied most widely, plays an important role in receptor desensitization.
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Strategies for the Development of Selective
Serotonergic Agents

Richard A. Glennon

Summary

Many of the ligands in use today to investigate serotonin receptors and
serotonin receptor pharmacology were serendipitous discoveries; this
includes ligands that are commonly regarded as being “selective” for a
given population of serotonin receptors. Nevertheless, there still remains
a number of serotonin receptor types that lack a truly selective ago-
nist and/or antagonist. Over the past 20 yr, there have been various
attempts to rationally develop ligands with greater selectivity, or selec-
tive ligands for serotonin receptor types for which such agents were
lacking. To this end, we describe some of our efforts to develop selective
serotonergic agents by presenting a series of case studies. Several differ-
ent strategies have been employed to achieve this goal. In particular, the
“deconstruction-reconstruction-elaboration” approach is shown to be
useful for aiding the development of selective ligands where a lead struc-
ture is already known, and the utility of the “standard series” approach is
illustrated where a lead structure is not known. The discussion is focused
on these and other methods that could have general applicability for the
development of other selective serotonergic and nonserotonergic agents.

Key Words: Serotonin agonists; serotonin antagonists; selectivity;
drug design; standard series; deconstruction-reconstruction—elaboration;
serendipity.

1. Introduction

Chemical entities might be viewed as a primordial soup of nonselective
agents from which selective agents can evolve. The primordia pool might
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aready contain some selective agents, but appropriate pharmacological tech-
niques and methodologies must be available (or developed) so that they can be
“fished out.” At the heart of medicinal chemistry is the design and synthesis of
agents with a given pharmacological action. Although this no longer remains
the problem it once was, one of the most difficult tasks in medicina chemistry
remains the design of selective agents; that is, once an agent with a given
biological function has been identified (a relatively straightforward goal), a
subsequent and more difficult task is the introduction of selectivity to, for
example, reduce undesirable side effects or develop tools that might be useful
as selective agonists, antagonists, or radioligands for pharmacologica studies.
Difficulties encountered in the development of selective ligands are epitomized
in the field of serotonin. In addition to interacting with the serotonin trans-
porter (SERT), serotonin binds at seven major families or populations of recep-
tors (5-hydroxytryptamine; 5-HT, to 5-HT-) (1,2). Multiple subpopulations (and
species homologs and splice variants) exist for many of these. With this number
of targets, development of an agonist or antagonist ligand with selectivity for
one serotonin receptor (sub)population over another represents a rather daunt-
ing challenge. Several populations of 5-HT receptors are still without selective
agonists and/or antagonists. Indeed, even identification of a novel nonselective
structure type can sometimes present challenges.

The purpose of this chapter is not to review those agents that are currently
thought to be selective for one population of serotonin receptors over another,
or even to describe the various agents that have been investigated for seroton-
ergic activity. Rather, the intent is to discuss some of the strategies that we
have employed in our attempts to develop “ selective” seratonergic agents. What
is presented are selected case studies that have emanated from our |aboratory;
the chapter documents some of our efforts (and problems encountered along the
way). The studies should be instructive in that they might eventually lead to
serotonergic agents with even greater selectivity. In most instances, the
approaches are quite general and also should be applicable to nonserotonergic
fields of study.

The field of serotonin research exploded over the past two decades with
thousands of articles now appearing each year (nearly 3000 articles were pub-
lished in the first three quarters of 2004 alone). Certainly, our work has not
been conducted in a vacuum. Without question, our work has been enormously
dependent on, and impacted by, the results of others. Given limitations of space,
we focus primarily on our studies, giving just due to certain other investigators
whose key results highly influenced the direction of our work. We apologize in
advance for not having the space to present a more thorough review of the con-
tributions others have made to this field or even to provide a more compre-
hensive account of those investigations that directly or indirectly bear on the
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studies that are presented here. Early work (covering the literature to 1985) on
the medicinal chemistry of serotonergic agents has been reviewed (3). For
detailed descriptions of the different populations of 5-HT receptors and their
ligands, a number of recent reviews are available (2,4-6).

What does selectivity mean? Also, how selective must an agent be to be
termed “selective’? Selectivity refers to the ability of a compound to recog-
nize its target without interacting with other, related targets (7). The selectivity
that an agent shows for one target over another is sometimes referred to as the
selectivity index. A selectivity index of 1000 to 10,000 or more is considered
ideal, but in some instances 50-fold to 100-fold can provide sufficient selec-
tivity to derive a good therapeutic index (7). Thus, selectivity isrelative. A drug
need not be selective to be useful or therapeutically effective—indeed, most
drugs are not; some drugs are even quite nonselective (to wit the antipsychotic
agent clozapine). Nevertheless, selective agents make good pharmacological
tools, and much is learned along the way to achieving selectivity that can be
applied to the formulation of structure—affinity relationships (SAFIR) and/or
structure—activity relationships (SAR). The latter information can often be
applied to drug design. At this point, it might also be noted that an agent can
display binding selectivity and/or functional selectivity. The two concepts are
not strictly related. Binding selectivity is usualy related to affinity. Functional
selectivity, which can be achieved without binding selectivity, is the more com-
plex of the two and is complicated by issues of efficacy; it can sometimes be
related to the pharmacological assay employed. For example, an agonist ligand
might show some selectivity for one receptor population over another (i.e., it
binds with higher affinity at one receptor than another); however, if its efficacy
is significantly lower at the first than at the second, it might appear functionally
selective for the latter. An extreme case is where an agent binds equally well at
two populations of receptors but is an agonist at one and an antagonist at the
other; such an agent would appear to be a functionally selective agonist in an
in vivo assay even though it possesses no binding selectivity between the two
receptor populations. Antagonists can also demonstrate functional selectivity.
For example, an antagonist binds equally well at two receptor populations but
one population is inaccessible; this might be encountered if one population is
located only in the periphery and the other only in the brain, and the antagonist
is unable to penetrate the blood-brain barrier. The studies described in this
chapter deal almost exclusively with binding selectivity. Our work has been
predicated on the need to identify an agent that binds in a selective fashion at
one serotonin receptor population over the others prior to any investigation of
functional selectivity.

In its most general terms, the overall question to be addressed is How does
one go about developing a selective agent in the absence of information
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necessary to achieve selectivity? With specific application to serotonin, how
can selectivity be achieved for one 5-HT receptor population over another?
With the discovery of some of the newer 5-HT receptors, little more might be
known other than that 5-HT binds at the receptor. Certain other agents might
have been examined at the receptor, but these are generally standard, nonse-
lective, structurally unrelated agents used to authenticate the novelty of the
receptor. Often, the structures of these latter agents are such that they cannot be
related to that of 5-HT or to one another, and they are generally not very useful
for subsequent design purposes. Some of the agents examined might even be
selective for another 5-HT receptor population and are included in an investi-
gation to show that they do not bind to a newly identified receptor. Because it
is known that 5-HT binds at a receptor (i.e., 5-HT represents a unique and nat-
urally occurring template structure, as do other neurotransmitters), there is a
temptation to explore derivatives of 5-HT to develop selective serotonergic
agents. Although this approach is sometimes successful (and examples will be
provided later), it should be realized that the closer a structure approaches that
of 5-HT, the greater the likelihood that it will not be selective for one 5-HT
receptor population over another; after all, 5-HT itself is a nonselective agent.
In contrast, if a close structural analog of 5-HT can be made selective for a
specific population of 5-HT receptors, there is reasonable likelihood that it will
not bind to nonserotonergic receptors because serotonin itself does not display
appreciable affinity for such receptors.

Today, severa different approaches exist for developing or identifying novel
agents. Perhaps the most useful of these is high-throughput screening (HTS), for
which hundreds or thousands of compounds can be relatively quickly screened
in an applicable pharmacological assay. However, the method is predicated on
the a priori availability of a selective agent(s) or radioligand(s) (or a pharma-
cological preparation that possesses only one specific population of receptors
that is responsive to a nonselective ligand). In other words, useful though the
method might be, previoudy generated information is required for this approach
to be most successful. Furthermore, once a“lead” structure has been identified,
structural modification is very frequently required to optimize its actions and/or
selectivity. Other methods include application of pharmacophore models and
utilization of quantitative SAR (QSAR) techniques. Here, too, these approaches
presuppose the availability of ligands, or assay data, to which these techniques
can be applied. A more recent approach—receptor structure-based drug design,
or simply structure-based drug design—is the utilization of three-dimensional
graphics models of the various serotonin receptors to design agents that will
interact with specifically identified amino acid residues thought to be present in
a binding pocket. This approach, coupled with site-directed mutagenesis, offers
a powerful means for the development of selective agents. To date, however,
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not every 5-HT receptor type has been modeled. Furthermore, because of the
lack of receptor crystal structures and because of the different modeling tech-
nigues being utilized, multiple homology (or de novo) models can be described
for a given receptor. So, at the moment, this approach is one of trial and error;
models are constructed and ligands are designed, synthesized, and evaluated to
determine whether they bind. The resulting information is then used to further
modify the model; that is, for the most part, this approach is currently focused
as much on verification of various receptor models as it is for drug design pur-
poses. Nevertheless, this technique is still quite young and holds great promise
for the future.

In the absence of a*“lead” structure or “structural template,” it seems that the
above methods have not brought us any closer to the desired goal: development
of selective agents. When developing a selective ligand, it is first necessary to
identify a structural template—typically a nonselective structural template—and
to then modify its structure in such a manner so as to achieve enhanced selec-
tivity. Thus, this is actualy a two-part problem. If it is specifically desired to
develop a selective agonist (or partial agonist, or antagonist), this then becomes
a more complicated three-part problem, with efficacy forming the third leg of
the triad (vide supra). This process becomes yet more complex when attempting
to develop a new clinical entity because pharmacokinetic, metabolic, and other
properties need to be considered as well; this is usualy less of a problem or
concern when devel oping pharmacological tools. We have employed several dif-
ferent means for template identification and selectivity enhancement, and two of
the most productive have been the “ deconstruction—reconstruction—elaboration”
approach and application of the “standard series’ concept. The former relies on
the availability of a known nonselective agent that shows some affinity for a
given receptor type. The latter approach is applied when there is no known lead
structure. Both will be described below.

It should be noted that the selectivity of serotonergic agents has been a tem-
poral phenomenon (8); that is, as the number of 5-HT receptor types has
continued to grow, agents once thought selective for a particular population
might eventually be shown to bind at one or more of the newer 5-HT receptor
subpopulations. This has required the constant re-examination of “selective”
ligands at new receptor types once they are identified. Of course, earlier
pharmacological findings also need to be re-evaluated or reinterpreted once a
so-called “selective’ agent is found to no longer possess the originally claimed
selectivity. Sometimes, this can present enormous problems. For example, if
a particular pharmacological effect (e.g., contraction of a particular isolated tis-
Sue preparation) has been classified as being mediated via a specific population
of receptors on the basis that the effect was produced (or antagonized) by a
so-called selective agent and then this pharmacological effect is used to classify
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newer agents, considerable effort might be required to correct the literature if the
agent originally used to classify the effect is subsequently shown to be nonse-
lective or more selective for a different population of receptors. Indeed, the field
of serotonin is booby-trapped with pharmacological data that have eventually
required re-evaluation as new receptor populations were identified and as newer,
more selective agents have been developed. The interested reader is cautioned to
rely on the most recent findings to avoid some of the confusion surrounding the
older literature.

2. Selected Case Studies

2.1. 5-HT, Agonists

It should be fairly evident from the foregoing discussion that each of the
above genera approaches has as its basis the requirement that a certain amount
of information be aready in hand. What is often required to achieve selectivity
is some sort of structural template that can be exploited. Frequently, other
than for the structure of 5-HT itself, such alead structure might be unavailable;
in such cases, a structural template must be identified. Our work with serotonin
dates back more than 30 yr to the early 1970s; put in proper perspective, these
might be considered the doldrum-days of serotonin research. Although sero-
tonin had been seemingly implicated as being involved in various psychiatric
and cardiovascular disorders, proper tools (assay methods, chemical entities)
were not readily available. In fact, some investigators still considered serotonin
a " putative neurotransmitter.” As a consequence, little work was being conducted
with serotonin. At that time, it was recognized that there existed at least two
types of periphera serotonin receptor (the so-called D- and M-type 5-HT recep-
tors) (reviewed in ref. 9), but far less was known about central 5-HT receptors.
What follows is a discussion of the identification of certain phenylakylamine
derivatives as 5-HT, ligands (some of this work has been previously reviewed in
refs. 10 and 11); thisis an example of where selective ligands pre-existed in the
primordial pool but were unrecognized as such because of the lack of appropri-
ate pharmacological methodologies.

Our earliest foray into the world of serotonin was associated with studies
aimed at elucidation of the mechanism of action of hallucinogenic agents. Cer-
tain classical tryptaminergic hallucinogens, such as N,N-dimethyltryptamine
(DMT; 2in Fig. 1), its 4-hydroxy and 5-methoxy analogs (psilocin and 5-OMe
DMT [3and 4 in Fig. 1], respectively), and (+)lysergic acid diethylamide (LSD;
5), because of their obvious structural similarity to serotonin (1) were thought to
act via a seratonergic mechanism (12). Despite this supposition, whether hallu-
cinogenic agents behaved as serotonin agonists or antagonists was to remain
controversia for the next several decades (13).
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Fig. 1. Chemical structures of serotonin (5-HT, 1), and several classical hallucino-
gens including DMT (2), psilocin (3), 5-OMe DMT (4), LSD (5), DOM (6), and
mescaline (7).

Other hallucinogenic agents, such as the phenylakylamines 1-(2,5-dimethoxy-
4-methyl phenyl)-2-aminopropane (DOM; 6) and mescaline (7), reportedly pro-
duced somewhat similar effects in humans, but were structuraly distinct in that
they did not possess a tryptaminergic nucleus. Actualy, because of their structural
similarity to the catecholamine neurotransmitters, they were speculated by some
investigators to act via either an adrenergic or dopaminergic mechanism (see dis-
cussion in ref. 13). Two of the first questions we set out to answer were as fol-
lows: (1) Do phenylalkylamine hallucinogens bind at serotonin receptors? and
(2) Can examples of tryptamine and phenylalkylamine hallucinogens produce
similar behaviora effects? Because of its popularity at the time and because radi-
oligand-binding assays for serotonin receptors had not yet been developed, we
initially utilized an isolated peripheral tissue preparation—rat fundus tissue—
that was thought to be activated by serotonin via a single type of serotonin recep-
tor (i.e., a D-type serotonin receptor). Serotonin, even at very low concentrations,
contracts fundus tissue in a robust manner that can be reliably and accurately
measured. Using this technique, it was demonstrated that examples of both
classes of halucinogen (tryptamine and phenylakylamine halucinogens) bind
a serotonin receptors (reviewed in ref. 10). Using a drug discrimination paradigm
with rats trained to discriminate either 5-OMe DMT, LSD, DOM or mescaline
from the vehicle, we showed that stimulus generaization occurred among this
group of agents independent of which was used as the training drug. This was the
first indication that these structurally different agents were capable of producing
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smilar gimulus effectsin rats. (The drug discrimination paradigm is a behaviora
procedure where animals, typically rats, are trained to make one of several pos-
sible responses when administered a training drug; in tests of stimulus general-
ization, test agents are administered to the same animals to determine if they
produce an effect similar to that of the training drug [i.e., to determine if substi-
tution occurs]. Where stimulus generaization or substitution occurs, the test drug
is considered to be producing stimulus effects similar to those of the training
drug.) Next, using rats trained to discriminate DOM from vehicle, we examined
alarge number of arylalkylamines (i.e., tryptamines and phenylakylamines), for-
mulated structure—activity relationships, and found that the stimulus potencies of
these agents in the rat behavioral paradigm pardleled their human hallucinogenic
potencies (in those cases where human data were available in the literature). With
evidence from the isolated tissue assays that these compounds might be acting as
serotonergic agents, we reasoned that there might exist a relationship between
their stimulus or hallucinogenic potency and their affinity for serotonin recep-
tors. Indeed, this was demonstrated to be the case (10). Both the hallucinogenic
potency and stimulus potency of various hallucinogens were significantly corre-
lated with their affinity for the serotonin receptors of the rat fundus preparation.
It was tentatively concluded that the tryptamine and phenylalkylamine hallu-
cinogens were acting as serotonin agonists. Well and good, but how can the
action of centraly acting hallucinogenic substances be adequately, and satisfy-
ingly, explained by their affinity for rat gut serotonin receptors? Apart from coin-
cidence, the only logical conclusion was that the serotonin receptors present in
the fundus preparation must be smilar to those found in the brain. However,
brain serotonin receptors had yet to be investigated in detail.

At about this same time, two novel serotonergic agonists were reported:
1-(3-triflurormethyl-phenyl)piperazine (TFMPP; 8) by Fuller and colleagues
at Eli Lilly (14) and 8-hydroxy-2-(N,N-di-n-propylaminotetralin) (8-OH DPAT;
9) by Hacksell and co-investigators in Sweden (15). We obtained samples of
these two agents and administered them to the DOM-trained animals in tests of
stimulus generalization. If hallucinogens are acting as serotonin agonists, ani-
mals trained to discriminate a hallucinogen should recognize these new sero-
tonin agonists. This did not happen. Substitution (stimulus generalization)
normally occurs when two agents produce similar stimulus effects in animals.
What the results told us was that even though each of these agents might
be serotonin agonists, they produce dissimilar stimulus effects in animals.
We eventually trained separate groups of rats to discriminate TFMPP and
8-OH DPAT from the vehicle. Not only did substitution fail to occur when
hallucinogens were administered to these animals, but the TFMPP-trained
animals failed to recognize 8-OH DPAT, and 8-OH DPAT-trained animals
failed to recognize TFMPP. Evidently, the hallucinogens, TFMPP, and 8-OH
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DPAT—although al being purported serotonin agonists—produced different
stimulus effects in animals (reviewed in ref. 16).

We examined more carefully the stimulus effects of DOM to determine if
serotonin receptors were actually involved in mediating its stimulus actions;
stimulus antagonism studies were conducted with various neurotransmitter
antagonists, including serotonin antagonists. In tests of stimulus antagonism,
pretreatment of the animals with an antagonist that specifically blocks the neu-
rotransmitter mechanism underlying the actions of an agonist will cause the
animals to make a different response than that typically seen following admin-
istration of an agonist. The only antagonists that consistently attenuated the
DOM stimulus were serotonin antagonists. However, not all serotonin antago-
nists were equally effective. Certain serotonin antagonists had little to no effect
on the DOM stimulus. Similar studies were conducted with the TFMPP- and
8-OH DPAT-trained animals. Clearly, there were notable differences. It was
apparent that these serotonin agonists were producing distinct stimulus effects
in animals; because stimulus effects are centrally mediated, the only conclu-
sion that could be reached, other than that these agents activated yet to be iden-
tified receptor types, was that there must exist more than one type of serotonin
receptor in the brain.

Using radioligand-binding methodology, two populations of brain 5-HT
receptors were proposed by Peroutka and Snyder in the fall of 1979: 5-HT,
receptors and 5-HT, receptors (17). A third type of peripheral receptor, the
M-type serotonin receptor, was eventually found in the brain and named 5-HT,
receptors (reviewed in refs. 9 and 18). The possibility existed, then, that the
three types of agents we had been examining (i.e.,, DOM, TFMPP, 8-OH DPAT)
might be representative ligands for these three receptor types. Although this
was hot to be the case, we had no way of knowing it at the time. We attempted
to sort out the actions of these agents.

Several landmark studies were reported in the early 1980s that help to clarify
the situation. Pedigo et a. (19) found that 5-HT, receptors could be further sub-
categorized as 5-HT,, and 5-HT,g receptors, ketanserin and pirenpirone were
identified as the first useful 5-HT ,-selective antagonists (20), and it was proposed
that 8-OH DPAT was a5-HT,, agonist (reviewed in ref. 21). Tritiated ketanserin
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and tritiated 8-OH DPAT were subsequently introduced as radioligands to label
brain 5-HT, and 5-HT,, receptors, respectively, and it became possible to mea-
sure the affinity of hallucinogens at 5-HT, and 5-HT,, receptors. Although cer-
tain of the tryptaminergic hallucinogens displayed affinity both for 5-HT,, and
5-HT, receptors, the phenylalkylamine hallucinogens such as DOM displayed
high affinity for 5-HT, receptors and lacked affinity for 5-HT,, receptors. In
addition, we found that the stimulus actions of DOM were potently antagonized
by the then novel 5-HT, antagonists ketanserin and pirenpirone, indicating that
DOM was acting as a 5-HT, agonist (22). We further demonstrated that the rat
brain 5-HT, receptor affinity of hallucinogens was significantly correlated with
their stimulus potency using rats trained to discriminate DOM from the vehicle
(23), and we later found a similar correlation between human 5-HT,, receptor
affinity and human hallucinogenic potency (24). It seemed that we had identified
the first 5-HT,-selective agonist: DOM (6).

In the same series of studies, we had provided mechanistic insight to the
actions of hallucinogens and had identified what appeared to be a novel 5-HT,
receptor structura template. The phenylalkylamine template was used to investi-
gate structure—activity and structure—affinity relationships. The availability of
these compounds also permitted pharmacophoric investigations and application of
QSAR methods (25,26). The bromo and iodo counterparts of DOM (i.e., DOB
and DOI [10 and 11], respectively) were identified as possessing structural fea
tures deemed optimal for 5-HT,, action. Interestingly, these latter two agents were
the most potent phenylalkylamine agonists in contracting rat fundus tissue. The
low nanomolar affinities of these latter two ligands in radioligand-binding stud-
ies using brain homogenates led to the introduction of [(H]DOB and [**°1]DOI as
5-HT, receptor agonist radioligands for use in binding and autoradiographic
investigations (27,28). Subsequently, [*23]DOI and R(-)[*?*]DOI were devel-
oped for SPECT imaging studies and R(-)["®Br]DOB was examined for autora-
diographic studies (29,30).

Our enthusiasm was serioudy dampened following several very disconcerting
literature reports. A third population of 5-HT, receptors (termed 5-HT, recep-
tors at the time) was reported (31), and shortly thereafter we found that DOM
and related phenylalkylamine hallucinogens bind with high affinity at this new
receptor population. It was also reported that brain 5-HT, receptors were not
identical with rat fundus receptors (20). This latter finding questioned the
significance of our earlier correlation between stimulus potency of hallucino-
gens and receptor affinity for rat fundus serotonin receptors. Subsequently (and
fortunately for us), on the basis of additional pharmacological investigation,
5-HT, receptors were identified as being a member of the 5-HT, family; the
original 5-HT, receptors were renamed 5-HT,, receptors, and 5-HT, receptors
were renamed 5-HT,. receptors (1). Rat fundus receptors, also later found to
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belong to the 5-HT, family, were initially termed 5-HT - receptors (32) and
have been since renamed 5-HT 5 receptors (1). So, nearly 20 yr after our initial
studies, the circle had been closed. Agents such as DOM, DOB, and DOI are
now recognized as being rather selective 5-HT, agonists, but they show almost
no selectivity for the three 5-HT,, subpopulations; that is, these agents bind with
nearly comparable affinity at 5-HT,,, 5-HT,5, and 5-HT,. receptors (33). Our
initial correlation between fundus (now 5-HT,g) serotonin receptor affinity and
hallucinogenic potency might have been fortuitous, but now could be satisfac-
torily explained; for the series of agents we had examined, 5-HT 5 receptor
affinity correlated significantly with brain 5-HT,, receptor affinity (33). Phenyl-
alkylamines are widely used today as 5-HT, agonists; actually, depending on
the assay system being used, the agents are high-efficacy partia agonists with
the R(-) isomers being more effective than their S(+) enantiomers. These com-
pounds have also served as the basis for further ligand development; for exam-
ple, with the proper aryl substituents appended, DOM-related structures have
been shown to display 5-HT, antagonist action (see Section 2.2).

In effect, a structural template, the aryl-substituted phenylalkylamines, was
identified where no structural template had previously existed. Some of the
agents, such as DOM, were known but it remained for them to be identified as
being selective until the necessary pharmacological techniques were available—
and, indeed, for several specific receptor populations to be identified and
classified. However, normally, thisis not the manner in which selective agents
are devel oped.

DOM (6), DOB (10), DOI (11), and certain related agents are hallucinogenic
in humans. Our investigations led to the “5-HT,, hypothesis of hallucinogenic
drug action” for the classical hallucinogens (11,23). Could this information be
put to use for the development of agents with possible therapeutic benefit?
Recently, it was demonstrated that activation of 5-HT,, seratonin receptors rep-
resents a novel approach to lowering intraocular pressure—an approach that
might be useful in the treatment of glaucoma (34). A local ocular site of action
seems to be sufficient for achieving decreased intraocular pressure in a primate
model of ocular hypertension. Because 5-HT,, agonists might also produce
undesirable central effects should sufficient quantities enter the brain, attempts
were made to identify 5-HT, agonists with reduced propensity to penetrate the
blood—brain barrier. In this manner, a 5-HT,, agonist that does not readily
penetrate the blood-brain barrier should be effective following local ocular
application, and central side effects might be minimized.

Two general strategies are typically employed to reduce the ability of a
compound to enter the brain: quaternization of an amine and introduction of
polar substituents. Because structure—affinity studies had already shown that
quaternization essentially abolishes the affinity of phenylalkylamines for
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5-HT, receptors (35), quaternization was not a viable approach. Limited to
the introduction of a polar substituent, it was again necessary to consult the
structure—affinity results to determine what and where a polar substituent
might be tolerated. 1-(4-Bromo-2,5-dimethoxyphenyl)-2-aminopropan-1-ol
(12), an analog of the 5-HT, agonist DOB (10) bearing a benzylic hydroxyl
group, was identified as a candidate structure; the hydroxyl group might
sufficiently lower lipophilicity to impede penetration of the blood-brain bar-
rier relative to DOB (36). However, the effect on 5-HT,, affinity of such a
structural modification was unknown. Because of the presence of two chiral
centers, four optical isomers are possible; all four were prepared and evalu-
ated. Of the four optical isomers, the 1R 2R-isomer 12 (5-HT,,, K; = 1.3 nM)
was found to bind at 5-HT,, receptors with an affinity similar to that of
R(-)DOB (K;=0.5 nM). Like R(-)DOB, 12 behaved as a partial agonist. In an
in vivo test of central action (i.e., stimulus generalization with rats as sub-
jects), 12 was >15 times less potent than R(-)DOB, suggesting that it might
not as readily enter the brain (36). In collaboration with Alcon Laboratories,
intraocular administration of 12 to ocular hypertensive monkeys was shown to
effectively reduce intraocular pressure (36). Given the route of administration
(i.e., topical) and concentrations necessary to reduce intraocular pressure, com-
pounds such as 12 should demonstrate minimal central effects at potentially
useful therapeutic doses and offer useful leads for further development. Inter-
estingly, O-methylation of 12 (i.e., 13in Fig. 2; 5-HT,,, K; = 0.7 nM) resulted
in an agent that behaved as a full 5-HT,, agonist, indicating that certain
oxygen functions at the benzylic position of phenylalkylamines are not only
tolerated, but that they can also influence efficacy (36).

2.2. 5-HT, Antagonists

The dopaminergic agent spiperone (14 in Fig. 3) was used to initially
identify and distinguish 5-HT, from 5-HT, receptors (17). It was the first rec-
ognized 5-HT, antagonist, and [3H]spiperone was used for severa years to
label 5-HT, receptors in radioligand-binding studies. Later, it was demon-
strated that spiperone binds at a subpopulation of 5-HT, receptors (i.e., 5-HT,,
receptors) (19). One of the most significant early advancesin 5-HT, research
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Fig. 2. Examples of some partial structures of ketanserin (15) examined to determine the minimal structural requirements
for binding.
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Fig. 3. Ketanserin (15), which binds at 5-HT,, receptors with high affinity
(K; =3.5nM) and only 14-fold selectivity over 5-HT . receptors, can be abbreviated to
16, which binds with similar 5-HT,, affinity but enhanced (120-fold) selectivity.
Spiperone (14), which binds with similar 5-HT,, affinity (K; = 2 nM) can be abbrevi-
ated to 17 (5-HT,,; K; = 4 nM); both of these compounds display 1000-fold 5-HT,, vs
5-HT,. selectivity. Although there is no assurance that 16 and 17 bind in a similar fash-
ion, if they do it would appear that the spiro ring portion of 17 contributes to its greater
5-HT,, selectivity.

was the identification of ketanserin (15) as a 5-HT, antagonist by investigators
at Janssen Pharmaceutica (20). Unlike spiperone, ketanserin displayed low
affinity for 5-HT,, and dopamine D, receptors. However, unlike ketanserin,
spiperone enjoyed the advantage of reduced affinity for 5-HT,; vs 5-HT,,
receptors; that is, spiperone binds with high affinity at 5-HT,,, 5-HT,,, and
dopamine D, receptors and with 500- to 1000-fold selectivity for 5-HT,, vs
5-HT, receptors. In contrast, ketanserin displays reduced affinity for 5-HT,,
and dopamine D, receptors, but displays little selectivity for 5-HT,, vS 5-HT ¢
receptors. Because of the diverse and complicated pharmacology associated
with 5-HT, receptors, interest has focused over the past decade or so on the
development of antagonists with selectivity for 5-HT,, over 5-HT . receptors,
and vice versa.

We were intrigued by spiperone because it was the first agent to show sub-
stantial 5-HT,, vs 5-HT, selectivity, and at the time our studies were initiated,
spiperone was the only agent to show such selectivity. Might it be possible to
modify the structure of spiperone so asto retain 5-HT,, affinity while reducing or
eliminating 5-HT,, and dopamine D, affinity? We tackled this problem by
employing what we have termed a “deconstruction—reconstruction—el aboration”
approach; that is, we “deconstructed” the structures of ketanserin (15) and spiper-
one (14) to determine their minimal structural requirements for binding. Next,
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we reintroduced various structural festures (i.e., the “reconstruction” step) in a
stepwise manner to determine how various substituents influenced affinity and
selectivity (some sample “partial structures’ for ketanserin are shown in Fig. 2).
In so doing, we found that the cyclic nature of ketanserin actually detracted from
selectivity, that the azaspiro portion of spiperone was important to selectivity, and
that a related structure-type could be derived from each (i.e., compounds 16 and
17; Fig. 3) (37,38).

Comparing the abbreviated structures 16 and 17 derived from ketanserin and
spiperone, respectively, it was found that 16 binds with similar 5-HT,, affinity
but greater 5-HT,, vs 5-HT,¢ selectivity than ketanserin (15) (37). Further-
more, comparing 16 with 17, it was apparent that the presence of the spiro ring
system makes a substantial contribution to 5-HT,, selectivity.

In the “elaboration” step, we utilized the information gained from the
above studies and further modified structure 17 by introducing substituents
not found in spiperone (38) and by examining conformationally constrained
analogs (39). It was found that a small alkyl substituent at the N5-position
(see structure 18) was tolerated, but that as its size increased, 5-HT,, recep-
tor affinity and, in particular, 5-HT,, selectivity decreased. Removal of the C,
carbonyl group decreased 5-HT,, affinity by 100-fold; replacement of the N,
nitrogen atom by a methylene group and other structural changes to the five-
membered ring decreased either 5-HT,, receptor affinity and/or selectivity
(38). Replacement of the N,-phenyl group of 18 (where R = Ph) by a hydro-
gen atom resulted in a compound that lacked affinity for any of the receptors
being examined. This was a major clue; apparently, the phenyl group is a key
determinant of 5-HT,,, 5-HT,,, and dopamine D, receptor affinity. Modifi-
cation of the N;-substituent could conceivably result in compounds that dis-
play different affinities for the various receptors, unless each receptor had
identical binding requirements associated with this position. Continued exam-
ination of N,;-substituents culminated in the identification of KML-010 (19) as
anovel 5-HT,, antagonist. KML-010 binds with high affinity at 5-HT,, recep-
tors (K; = 20 nM), lacks affinity for 5-HT,, and 5-HT,. receptors (i.e,, K; >
10,000 nM), and binds at dopamine D, receptors with >400-fold lower affinity
than spiperone (38).

The deconstruction—reconstruction—elaboration approach was successful in
identifying those structural features that contribute to the 5-HT,, vs 5-HT ¢
receptor affinity and selectivity of spiperone and to the lack of 5-HT,,
selectivity of ketanserin. In addition, during the elaboration process, KML-010
was identified as a selective 5-HT,, antagonist. In summary, the concepts
behind this approach are as follows: (1) identify the minimal structural require-
ments for the binding of a nonselective agent, (2) reintroduce substituentsin a
stepwise fashion to determine their influence on affinity and selectivity, and
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(3) use this information to synthesize an optimized structure and then utilize
this structure for subsequent structural modification.

Elaboration of certain of the ketanserin partia structures (see Fig. 2) also
provided some useful insight regarding the three-dimensional structure of
5-HT,, receptors. On the basis of molecular modeling studies, a proposed
mode of docking of ketanserin to 5-HT,, receptors had indicated that a portion
of the molecule was in the vicinity of a TM6 phenylalanine (F340) moiety,
even though the amino acid might not directly participate in binding. While
probing a potential region of bulk tolerance, severa benzylic-substituted
ketanserin partial structures were prepared, including 20 (K; = 213 nM). Even
with their reduced affinity, these compounds retained 5-HT,, antagonist char-
acter. It was reasoned that steric hindrance between the phenyl group of 20 and
F340 might contribute to its low affinity. It was further reasoned that replacing
this amino acid with a less bulky leucine might allow the receptor to better
accommodate the benzylic substituents. Indeed, 20 displayed nearly 70-fold
enhanced affinity (K; = 3.4 nM) at the F340L mutant receptor than at the wild-
type receptor (40). Similar results were obtained with other partial structures
bearing bulky groups on the benzylic carbon atom. This is probably the first
instance where bulk tolerance was introduced in a G protein-coupled receptor
by site-directed mutagenesis and provides some evidence that F340 is located
near the ketanserin-binding pocket (40).

In the course of our investigations with the phenylalkylamine 5-HT, agonists
(Section 2.1), we investigated the structure—affinity relationship (SAFIR) for
binding. Although the 2,5-dimethoxy pattern was not essential for the binding
of these compounds at 5-HT, receptors, it appeared to be optimal. It was aso
found that lipophilic substituents at the ring 4-position played a mgor role in
affinity modulation and that affinity increased as lipophilicity increased. For
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example, increasing the alkyl chain length from one to eight carbon atoms
produced a consistent increase in affinity (26). Interestingly, as determined
using functional assays, once the alkyl chain was longer than an n-propyl sub-
stituent, there was a decline, and eventually a loss, of agonist action. Indeed,
some of the longer-chain analogs, or those bearing a bulky substituent (e.g.,
4-tertiary-butyl), actually showed the 5-HT, antagonist character. One compound
that captured our attention was 21; 21 (5-HT,, K; = 30 nM) displayed good affin-
ity and 5-HT, antagonist properties in several assay systems. What made these
types of compound interesting is that (1) we had previously proposed that ago-
nists and antagonists bind differently at 5-HT, receptors, (2) phenylalkylamines
(e.g., DOM, DOB, DOI) generally behave as 5-HT, agonists, and (3) compounds
such as 21 are phenylalkylamines, but are also antagonists. In other words, do the
phenylalkylamine antagonists bind more like the phenylalkylamine agonists or
like nonphenylalkylamine antagonists? If the phenylalkylamine antagonists
bind differently than phenylalkylamine agonists, there is a good possibility that
their structure—activity relationships will differ from that of the agonists; if this
is true, the affinity/activity of the antagonist phenylalkylamines would proba-
bly not yet have been optimized. For phenylalkylamines with agonist action, the
2,5-dimethoxy substitution pattern is optimal for affinity, and removal of one of
the methoxy groups decreases affinity substantially. Removal of the 5-methoxy
group of 21 had little effect on 5-HT,, receptor affinity (i.e., 22, K; = 8 nM)
(40). In fact, the 2,3-dimethoxy, 2,6-dimethoxy, and 3,5-dimethoxy analogs (23)
(K; =3-4 nM) all displayed 10-fold higher affinity than 21 (41). Various other
4-position substituents were examined, as was translocation of the 4-position
substituents to the 5-position (42). Compound 24 (K; = 13 nM) was identified as
another type of novel 5-HT,, antagonist (Pl hydrolysis) (42). It would appesr,
then, depending on what ring substituents are present, that phenylakylamines
can behave as 5-HT, agonists, partial agonists, or antagonists and that phenyl-
akylamine agonists and antagonists probably bind somewhat differently because
of apparent differences in their SAFIRs. Although none of the phenylalkylamine
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antagonists displayed >10-fold selectivity for 5-HT,, vs 5-HT,. receptors, as a
class these ligands remain to be fully exploited.

2.3. 5-HT; Agonists

The 5-HT, receptors, in the form of M-type serotonin receptors, represent one
of the earliest investigated populations of 5-HT receptors. However, they were not
identified in the mammalian brain until the late 1980s. Nevertheless, a plethora
of very high-affinity and selective 5-HT, antagonists quickly became available
(e.g., ref. 43). What was lacking for the longest time was a useful 5-HT, agonist.

How might one go about designing a 5-HT, agonist? Initialy, the only avail-
able agonist was 5-HT itself. Obviously, 5-HT lacks selectivity for 5-HT,
receptors; furthermore, its affinity (K; ~ 1000 nM) for 5-HT, receptors is not
particularly high. Other than for 5-HT receptors, all other populations of 5-HT
receptors belong to the G protein—coupled receptor superfamily (1,2). Studies
that we had conducted at the time suggested that 5-HT receptors typically did
not tolerate quaternary amines. 5-HT, receptors, being ion channel receptors
rather than G protein-coupled receptors, might be able to accommodate qua-
ternary amines much in the same way that certain other ion channel receptors
accommodate quaternary amines. Our first investigation included a comparison
of serotonin (1), N,N-dimethylserotonin or bufotenine (25), and its simplest
guaternary amine counterpart, 5-HTQ (26). N,N-Dimethylation of 5-HT
(K; = 750 nM) to bufotenine (25; K; = 280 nM) was tolerated and resulted in
several-fold increased affinity; further methylation to the quaternary amine
5-HTQ (26; K; = 75 nM) not only resulted in a more selective compound, but
the affinity of 5-HTQ was about 10-fold higher than that of 5-HT itself (44,45).
Before we could publish our findings, others independently showed that 26 is
a5-HT; agonist in a peripheral (i.e., M-receptor) preparation (46). Here is one
instance, then, where a close structural relative of serotonin does indeed show
selectivity for one 5-HT receptor population over the others.

5-HTQ might be considered as one of the first serotonergic agents specifi-
caly designed to interact in a selective manner with a given 5-HT receptor
population. 5-HTQ continues to be used as a 5-HT, agonist. However, its utility
is restricted by the very feature that makes it selective for 5-HT; receptors; that
is, being a quaternary amine, 5-HTQ would not be expected to readily penetrate
the blood-brain barrier and, as a consequence, it is only of limited utility as a
centrally acting 5-HT, agonist when administered via systemic routes. On the
other hand, this property makes it a useful tool for examining the peripheral
actions of a 5-HT agonist following systemic administration.

At about the same time that 5-HTQ was identified, it was reported that
phenylbiguanide (27) represents a novel type of 5-HT, agonist (47). Arylpiper-
azines (28) were aso found to bind at 5-HT, receptors (48), and some were
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subsequently shown to behave as 5-HT, agonists (reviewed in ref. 49). In
general, phenylbiguanide was a selective but low-affinity (K; ~ 1000 nM)
compound, whereas the aryl piperazines were much higher-affinity but less selec-
tive 5-HT; ligands. We undertook an investigation to determine what accounted
for the affinity and selectivity, or lack there of, of compounds such as 27 and 28.
Because 3-chlorophenylpiperazine and the benz-fused naphthylpiperazine
displayed higher 5-HT receptor affinity than phenylpiperazine itself, we pre-
pared and examined the 3-chloro and benz-fused analogs of phenylbiguanide
(i.e,, 29 and 30, respectively). Although arylpiperazines and arylbiguanides
might bind in a comparable manner at 5-HT, receptors (i.e., this remains to be
determined), the notion that they might provided a working hypothesis for
design purposes. Both compounds (i.e., 29 and 30; K; ~ 20-30 nM) were found
to bind with significantly higher affinity than phenylbiguanide (K; = 1200 nM)
(50). The 3-chloro compound 29 (subsequently referred to as MCPBG) was also
independently reported by Kilpatrick and co-workers (51).

Although the naphthylbiguanide (30) has not seen much pharmacological
application, the 3-chloro derivative mCPBG (29) has become a popular 5-HT,
agonist despite the fact that it is not very brain penetrant. What accounts
for the 5-HT, receptor affinity of mCPBG? Can the structure be modified to
increase its lipophilicity and, thus, its ability to penetrate the blood-brain
barrier? This is another instance where application of the deconstruction—
reconstruction—elaboration approach should be useful.

Without going into detail, suffice it to say that examination of various “ partial
structures” of mCPBG revealed that optimal 5-HT, receptor affinity was asso-
ciated with the intact and unaltered molecule (50). Interestingly, however, the
entire biguanide moiety was found unnecessary for binding or agonist action.
For example, mCPG (MD-354, 31, K; = 32 nM), an example of anovel class of
5-HT; ligands—the arylguanidines—binds with nearly the same affinity as
mCPBG (K, = 18 nM) and displayed agonist action in several different func-
tional assays (50,52). During the “elaboration” step, analogs of 31 and 32 were
prepared, QSAR studies were conducted, and conformationally constrained
analogs were investigated (54,55). Introduction of additional chloro substitu-
tents resulted in enhanced affinity. The highest-affinity derivative identified was
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3,4,5-trichlorophenylguanidine (Y C-30, 33; K; = 0.7 nM) (53,54), which dis-
played nearly 50 times the affinity of 31 and >3000 times the affinity of the
parent structure, phenylguanidine.

Recently, Dukat and co-workers (56) have demonstrated that mCPG (31)
binds at o,5-adrenergic receptors (K; = 20 nM) with an affinity comparable
toits affinity for 5-HT, receptors. It would seem that the deconstruction—
reconstruction—elaboration approach could once again be applied to divorce
5-HT, from o-adrenergic properties.

2.4. 5-HT, ,-Selective Agents

de Stevens (57) categorizes drug discovery approaches as being of two
general types. structured research and serendipity. Indeed, one of the most
fruitful, if unreliable, factors in drug design is serendipity. During the early
1980s, four populations of 5-HT receptors were recognized: 5-HT,,, 5-HT g,
5-HT,, and 5-HT,. It was assumed that if an agent displayed affinity for one of
these receptor types and did not bind at the others, it must be selective. A few
arylpiperazines had been examined and found to display affinity for 5-HT
receptors, but lower affinity for 5-HT,, and 5-HT, receptors (their affinities
for 5-HT; receptors had not yet been investigated); thus, it nearly became
dogma at the time that arylpiperazines were 5-HT ,5-selective agents. This
concept was to cause a temporary setback in 5-HT receptor research. However,
in the early 1980s, Shih and co-workers reported at a symposium that arylpiper-
azine 34 (PAPP), an N,-substituted analog of TFMPP (8), binds at 5-HT,,
receptors; the details of their findings were later described more completely
(58). The finding, although unrecognized and perhaps unappreciated at the
time, would eventually alter the course of 5-HT,, research. Arylpiperazines
could no longer be considered 5-HT,;-selective agents!

We were intrigued with this observation and began an investigation of the
binding of various arylpiperazines at 5-HT,, receptors. Simple arylpiperazines
(i.e., those either not bearing an N -substituent or those that possessed only a
small N,-substituent) displayed low to modest affinity for multiple populations of
5-HT receptors, whereas certain other arylpiperazines, depending on the nature
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of their N,-substituents, displayed enhanced 5-HT,, receptor affinity (59). The
latter, which we designated “long-chain arylpiperazines’ (i.e., LCAPS), depend-
ing on the nature of their N,-substituents, also displayed enhanced selectivity
for 5-HT,, receptors. We reasoned that if a basic amine (as found in 34) was a
contributor to 5-HT,, affinity, compounds such as 35 with a more basic amine
(and with perhaps a dlightly shorter or longer chain length) might represent
5-HT,, ligands. We prepared derivatives of compound 35 and found them to
lack affinity for 5-HT,, receptors. In the course of varying the alkyl chain length
of 35, synthetic intermediates—phthaloyl-protected intermediates 36—were
prepared. One of these intermediates (NAN-190, 37; K; = 0.6 nM) was submit-
ted for binding and, unexpectedly, displayed high affinity and appreciable selec-
tivity for 5-HT,, receptors (59-61). Hence, NAN-190 represented a serendipitous
discovery and opened a door for additional studies.

At about the same time, severa arylpiperazines were being independently
developed by the pharmaceutical industry as antianxiety agents and/or antide-
pressants. In fact, some had been originally synthesized years earlier as possi-
ble antipsychotic agents. Subsequent studies showed that some of these agents
displayed affinity for 5-HT,, receptors and it was eventually established that
they likely produced their anxiolytic actions via a 5-HT,, agonist or partial
agonist mechanism. The first of these agents to be used clinically was buspirone
(38). The agent 8-OH DPAT (9) had already been described as a selective
5-HT,, agonist and certain of the LCAPs were also recognized now as being
either 5-HT,, agonists or partial agonists. A problem that plagued 5-HT,
research for the longest time was lack of a 5-HT,, antagonist. During the
course of our studies, the LCAP NAN-190 (37) was found to act as a 5-HT,,
antagonist (60,61). Thus, not only was the binding of NAN-190 a serendipitous
discovery, its action as a 5-HT,, antagonist was also fortuitous. Bristol-Meyers
independently developed BMY 7378 (39), which also displayed 5-HT,, antag-
onist actions. These two compounds, NAN-190 and BMY 7378, represented
the first useful 5-HT,, antagonists; however, depending on the assay system
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employed, both compounds were eventually found to be low-efficacy (intrinsic
activity = 0.1-0.3) partial agonists or postsynaptic antagonists with some
presynaptic agonist action (reviewed in ref. 62). Studies conducted with
[BH]NAN-190 also indicated that NAN-190 might be a very low-efficacy par-
tial agonist but that in various functional studies, its efficacy was simply too
low to be routinely observed (63). Later, Wyeth-Ayerst, by variation of the
linker moiety of the LCAPs, reported the first 5-HT,, “silent antagonists’
WAY-100635 (40) and WAY-100135 (41) (reviewed in refs. 64 and 65).

We continued our work on the SAFIRs of arylpiperazine anaogs as 5-HT,,
ligands and found that many displayed low nanomolar to subnanomolar affinity.
Structure—affinity investigations led us to describe structural features important for
5-HT,, binding; these are summarized in Fig. 4 (62,64). This paved the way for
the development of alarge number of 5-HT,, ligands. Certain derivatives, how-
ever, depending primarily on the nature of their N,-substitiuent (Terminus group
and Spacer length), also displayed affinity for 5-HT,, dopamine D, and/or
o,-adrenergic receptors. NAN-190, for example, binds nearly equally well at
5-HT,, and o,-adrenergic receptors. Taking advantage of the structure—affinity
findings shown in Fig. 4 and structural requirements for adrenergic receptor bind-
ing, we identified RK-153 (42; K; = 0.4 nM) (66), which displayed >160-fold
selectivity for 5-HT,, vs o,-adrenergic receptors and retained 5-HT,, antagonist
character; unfortunately, RK-153 displayed enhanced affinity for dopamine D,
receptors. This same compound was independently reported by Wyeth-Ayerst in
the same year. Subsequently, Wyeth-Ayerst (67) reported adatanserin (43), a
5-HT,, partia agonist/5-HT, antagonist with reduced affinity for o-adrenergic
and dopamine D, receptors, asa potential antidepressant. Continued work with
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Fig. 4. Structural features important for the binding of arylpiperazines at 5-HT,,
receptors (62,64). The Aryl group is a phenyl, substituted phenyl, heteroaryl, or sub-
stituted heteroaryl group, whereas the Spacer is usually a branched or unbranched
carbon chain of two to five atoms in length (and might contain a heteroatom in place
of one of the methylene groups). The Terminus is typically an amide, reverse amide,
imide, or aryl group; the terminus function can be quite large, as this area is probably
associated with a region of bulk tolerance.

the Terminus portion of RK-153 ultimately resulted in NBUMP (44; 5-HT,,
K; = 0.1 nM) (68)—one of the highest affinity ligands ever reported for 5-HT,,
receptors. Although NBUMP (44) displayed 460-fold selectivity for 5-HT,, vs
o,-adrenergic receptors and 260-fold selectivity over dopamine D, receptors, it
was found to be a partial agonist with an intrinsic activity of approx 0.4; that is,
it behaved both as an agonist and as an antagonist in an adenylate cyclase assay.
Evidently, modification of the Terminus moiety influences both selectivity and
efficacy (62).

We terminated our work with 5-HT,, ligandsin the very early 1990s, but not
before identifying what is probably a region of bulk tolerance associated with
the Terminus group. It was determined that this portion of the molecule could
be quite bulky. Considerable variation is aso allowed in the Spacer and Aryl
portions of the LCAPs. The LCAPs represent a versatile structural template
(62,69) that can lead not only to 5-HT,, ligands but also, by variation of the
structural features shown in Fig. 4, to ligands for other receptor types (e.g.,
5-HT,,, a-adrenergic, dopamine D,, G receptors). Over the ensuing years, thou-
sands of LCAPs were prepared and examined by various investigators at
5-HT,, (and other) receptors, and more continue to be reported.

Another example of the deconstruction—reconstruction—el aboration approach
involves the use of propranolol (45) as a5-HT,, antagonist. In the early 1980s,
several groups of investigators found that the 3-adrenergic antagonists propra-
nolol and pindolol bind at 5-HT,, receptors and behave as 5-HT,, antagonists;
see Pierson et al. (70) for further discussion. These agents were only of limited
utility for in vivo studies because they displayed higher affinity for 3-adrenergic
receptors than for 5-HT,, receptors. For example, propranolol (45) binds
with nearly 50-fold lower affinity at 5-HT,, receptors (K; = 90 nM) than at
B-adrenergic (K; = 2 nM) receptors; in addition, propranolol binds at 5-HT,g
receptors (K; =50 nM) (70). Nevertheless, propranolol provided a novel
lead structure that could be exploited. Prior investigations had shown that
the alkyl hydroxyl group and N-isopropyl moiety were optimal features for the
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B-adrenergic actions of propranolol. We deconstructed the structure of propra-
nolol and were not surprised to find that removal of these two features
decreased 3-adrenergic affinity; interestingly, these functional groups were not
required for binding at 5-HT,, receptors. The simple elimination of the
hydroxyl and isopropyl groups already enhanced 5-HT,, selectivity somewhat.
During the elaboration step, we examined the role of amine substitution. The
N,N-di-n-butyl analog of the primary amine of des-hydroxypropranolol (i.e.,
46, where n=3; 5-HT,, K; =225 nM) retained much of the affinity of pro-
pranolol for 5-HT,, receptors but showed dramatically lower affinity for
B-adrenergic (K; =8300 nM) and 5-HT,; (K;=5600 nM) receptors (70).
Shortening the alkyl chain from three to two methylene groups resulted in a
further increase in selectivity (i.e., 46, where n=2; 5-HT,, K; =150 nM,
B-adrenergic; and 5-HT,5 K; > 10,000 nM). The investigation culminated with
the identification of several compounds that displayed the 5-HT,, antagonist
character; one of these, compound 47 (5-HT,, K; =39 nM), showed a higher
affinity than propranolol for 5-HT,, receptors and displayed a low affinity for
B-adrenergic (K; = 5000 nM) and 5-HT,g receptors (K; = 1100 nM) (62,70).
These studies were being conducted at the same time as those described earlier
with the arylpiperazines; because some of the LCAPs displayed antagonist
actions and subnanomolar affinity for 5-HT,, receptors, further work on pro-
pranolol-derived aryloxyalkylamines as 5-HT,, antagonists was curtailed.
Nevertheless, these studies showed that it was possible to alter the selectivity
of aryloxyalkylamines for the different receptor subtypes by making relatively
simple structural changes.

In one of our final forays in the 5-HT,, area, it was desired to develop
fluorescent probes for cellular mapping of 5-HT,, receptors using fluorescence
microscopy. Several fluorescent moieties are available including nitrobenzo-
2-oxa-1,3-diazole (NBD), fluorescein (FLU), and 7-amino-4-methylcoumarin-3-
acetic acid (AMCA) derivatives. Incorporation of these moieties into a structure
generally renders the structure fluorescent under appropriate conditions.
However, the moieties are rather large or bulky; so, the question became one of
where can such substituents be appended on a 5-HT,, ligand without significant
detriment to 5-HT,, receptor affinity? As discussed above, we had identified
the LCAP Terminus region (Fig. 4) as one that could tolerate significant bulk.

47
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Fig. 5. Structures of 5-HT,, serotonin receptor fluorescent probes. (From ref. 71.)

In a collaborative effort with Research Biochemicals Inc., the first compounds
prepared were derivatives of NAN-190 (more specifically, derivatives of 35)
and TFMPP (8) (71). Compounds NAN-AMCA (5-HT,, K;=0.4 nM) and
TFMPP-NBD (5-HT,, K; = 11 nM) displayed good affinity and selectivity for
5-HT,, receptors (structures are shown in Fig. 5); TFMPP-NBD, in particular,
showed little affinity (K; > 10,000 nM) for 5-HT g, 5-HT,p, 5-HT,,, 5-HT,,
and 5-HT, receptors (i.e., the only 5-HT receptors known at that time). Because
we aready had shown that there is also a region of bulk tolerance associ-
ated with the amine substituent of 8-OH DPAT (9) (72), we surmised that sim-
ilar functionalities should be accommodated. Indeed, DPAT-NBD (5-HT,,
K, = 0.4 nM) (Fig. 5) displayed high affinity and >100-fold 5-HT,, selectivity.
Curious as to how far we might push this region of bulk tolerance, we prepared
the fluorescein derivative DPAT-FLU (Fig. 5); although DPAT—FLU retained
5-HT,, afinity (K, = 22 nM), its affinity was not as great as that of DPAT-NBD
(71). Apart from obtaining the desired fluorescent ligands, we also showed that
the amine regions of 5-HT,, ligands could withstand substantial steric bulk.

2.5. 5-HT,, Ligands

Initial attention in the serotonin field was focused on the first three receptor
populations to be identified: 5-HT,,, 5-HT,5, and 5-HT, receptors. However,
once the presence of 5-HT,g receptors in the human brain was questioned,
interest in this population temporarily subsided. With the discovery of a new pop-
ulation of 5-HT, receptors, 5-HT,, receptors, came the redlization of a structural
and functional similarity between 5-HT 5 and 5-HT receptors. On the basis of
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acquired pharmacological findings, it was hypothesized that 5-HT,, receptors
might represent the human counterpart of rodent 5-HT g receptors. The antimi-
graine agent sumatriptan (displaying affinity for 5-HT,; receptors with 2- to
10-fold selectivity over rodent 5-HT 5 receptors and about 10-fold selectivity
over 5-HT,, receptors) was introduced and its migraine-abortive mechanism of
action was hypothesized to involve an agonist interaction at 5-HT,, receptors.
Given the clinical success of sumatriptan, there was considerable interest in devel-
oping additional 5-HT,, agonists. Interest in the relationship between 5-HT
and 5-HT  receptors, and their associated pharmacology, also increased at this
time because it was thought that what was known about the former (e.g., about
structure—activity relationships) might be applied to the design of novel 5-HT,,
ligands. However, it quickly became apparent that some compounds displayed
affinity for one population but not the other. There might be similarities between
these two receptor types, but there were also some obvious differences (73). One
of the enigmatic agents, (—)propranolol, binds with high affinity (K; ~ 15-60 nM)
at 5-HT 5 receptors, but with much lower affinity (K; ~ 2000 to >10,000 nM) at
5-HT,, receptors. Shortly after the cloning of these receptors, receptor modeling
studies were undertaken. In fact, the first investigation of its kind in the serotonin
field to apply a combination of graphics modeling, site-directed mutagenesis,
synthesis, and structure—activity concepts involved comparisons of 5-HT,g and
5-HT, receptors with propranolol as its primary focus (74). Specific amino
acid residues were identified that might account for differences in binding at the
receptor types.

Even with the success of sumatriptan, there was a need for newer agents.
One of the shortcomings of sumatriptan is its propensity to cause undesirable
cardiovascular side effects (coronary artery constriction) in certain patient pop-
ulations. Initialy, it was hypothesized that these cardiovascular effects might be
attributable to the affinity of sumatriptan for 5-HT,, receptors. We were
approached by Allelix Bioharmaceuticals to develop a novel 5-HT,, agonist
ligand that, unlike sumatriptan, would display reduced affinity for 5-HT,,
receptors. To initiate these studies, we used what we have termed the “standard
series’ approach.

Confronted with an ever-growing population of 5-HT receptors, it was of
interest to determine what structural features of 5-HT were important for bind-
ing at each of the receptor types. We devised a scheme whereby approx 15
serotonin-related tryptamine analogs (the “standard series’) was selected for
examination in an initial screen to obtain binding data. Over time, this series
grew to include about two dozen compounds. Thus, whenever we initiated a
study with a new serotonin receptor type, we would begin by examining the
standard series. This approach offered several advantages. First, the series was
aready in-hand and did not require the synthesis of any new compounds each
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Fig. 6. In the “standard series’ approach, various tryptamine analogs are examined
at a receptor population to identify initial SAFIRs and to obtain information about
selectivity. Compounds in the series are specifically selected to answer the following
guestions: (a) Can the primary amine be replaced with a secondary, tertiary, or quater-
nary amine? Is bulk tolerated? (b) Is a-substitution tolerated? Does stereochemistry
play arolein binding? (c) Is the hydroxyl group required for binding? Is it a hydrogen-
bond donor or acceptor (i.e., can it be replaced by a methoxy group)? Is bulk tolerated?
(d) Are substituents tolerated at other ring positions? (€) Is the indolic nitrogen atom
required for binding? Is the NH required? Is bulk tolerated? (f) Is substitution at the
2-position tolerated? Is the intact “pyrrole” portion of the indolic nucleus required for
binding? (g) Can the akyl chain be lengthened or shortened by one methylene unit?
What chain conformation is optimal for binding?

time a new project was begun. Second, each of the compounds was, struc-
turaly, only once removed from some other member of the series (i.e., data
for any given compound could be related back to data on a close structura
relative); typically, structures were such that there was frequently some redun-
dancy in a structural modification to assure reliable structure—affinity con-
clusions to be formulated. Third, sufficient binding information would be
obtained on a closely related series of compounds so that some preliminary
QSAR studies could be performed, if desired. Fourth, in addition to providing
structure—affinity information for a given receptor type, a comparison of data
from the same compounds across several receptor types afforded clues to what
structural features might impact selectivity. The compounds in the series were
selected to answer a number of basic questions; some of these are shown in
Fig. 6. Answersto a large number of questions could be obtained by examining
arelatively small number of compounds. Once preliminary information wasin
hand that a particular substituent(s) was or was not important, a second phase
of the study was begun by synthesizing novel structures to address specific
guestions that were raised by the standard series. In using the standard series
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approach, sometimes a lead structure could be identified where no lead had
previously existed (see also Section 2.6).

One of our first applications of the standard series approach was to develop
a 5-HT,-selective ligand. Comparison of 5-HT,, and 5-HT, receptor-binding
data for the series offered few clues other than that both receptor types possess
aregion of bulk tolerance associated with the tryptamine 5-position (75). Given
the similarity in structural requirements for the binding of tryptamines at the two
populations of receptors, but because of the low degree of homology between the
two receptor types, it was assumed that greater structural differences might lie
outside the tryptamine-binding pocket than within the pocket. Might it be possi-
ble to take advantage of this? That is, if receptor differences are greater in
regions remote from where the tryptamine portion of serotonin binds, it is pos-
sible that the regions of bulk tolerance associated with the indolic 5-position are
also somewhat different with respect to substituents they might accommodate. To
test this hypothesis, we prepared a series of linear O-alkyl analogs of serotonin,
48 (n=0-10), where the alkyl group ranged from O-methyl to O-undecyl
(76,77). O-Alkyl analogs bearing three to eight carbon atoms displayed little
selectivity for 5-HT,, over 5-HT,, receptors. However, the nonyloxy analog
(NOT; i.e, 48, where n = 8) showed decreased affinity for 5-HT,, receptors,
wheress it retained affinity (K, =1 nM) for 5-HT,, receptors. 5-HT, recep-
tor affinity decreased where the O-alkyl group was greater than nine carbon
atoms in length. Hence, whereas 5-methoxytryptamine showed no selectivity for
5-HT,, vs 5-HT,, receptors, nonyloxytryptamine (NOT) displayed 315-fold
selectivity for the former population. NOT (48, where n = 8) was found to be a
5-HT,, agonist and lacked 5-HT,, agonist action. Subsequent investigations
examined compounds bearing branched alkoxy groups (e.g., 49; 400-fold 5-HT
vs 5-HT,, selectivity) (77), akoxy groups bearing aryl substituents, and other
structural modifications at the indolic 5-position (77,78). During the
course of these later investigations, two individual populations of 5-HT, recep-
tors were identified (now termed human 5-HT,; [h5-HT,;] receptors and
h5-HT, 5 receptors). Furthermore, it was subsequently proposed that h5-HT ,; (or
human 5-HT 5-like) receptors, not 5-HT,, receptors, might be responsible for
the cardiovascular side effects associated with sumatriptan. The various
5-alkoxytryptamine analogs that we had prepared were examined at h5-HT,,
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and h5-HT,; receptors and, like sumatriptan (and other triptans known at the
time), they failed to show >10-fold selectivity for one population over the other.
Examination of standard series data for h5-HT,, and h5-HT, receptors provided
no obvious clues of how selectivity might be achieved using a tryptamine
nucleus as the basis for development of novel agents with greater selectivity.
This required a change in strategy; it was now necessary to develop agents with
selectivity for h5-HT,, vs h5-HT,; receptors. Here, we used a different tactic.
We shifted our focus to “nontryptaminergic” 5-HT,, ligands; what was required,
however, was identification of a new lead structure.

It had been reported that the (o-adrenergic agent oxymetazoline (50) binds at
caf caudate 5-HT, receptors and displays action as a 5-HT,, agonist (79).
Obvioudly, oxymetazoline was a nonselective agent, but it provided a new struc-
tural template for examination. We examined oxymetazoline at 5-HT,, receptors
(human brain homogenates) and found it to bind with high affinity. Shortly
after h5-HT,, and h5-HT,5 clones became available, we examined oxymetazo-
line and found that it binds with high affinity at both populations of receptors
(K; <1 nM) but displays no selectivity. Could the structure of oxymetazoline be
modified to afford a more h5-HT,-selective agent? This seemed an appropriate
situation in which to apply the deconstruction—reconstruction—elaboration
approach. Beginning with oxymetazoline (50), we stripped the structure of most
pendent substituents, and this included examples of imidazoline analogs where
the ring was opened to an amidine, and then reintroduced the substituentsin a
stepwise fashion to determine how they contributed to affinity and h5-HT,p/
h5-HT 5 selectivity (80). This led to the identification of a novel lead structure;
it was found that the phenolic group of oxymetazoline played a major role in
itslack of selectivity. The des-hydroxy compound 51 (K;: h5-HT,, = 0.7 nM,
h5-HT,; = 14 nM) displayed similar h5-HT, affinity, but 20-fold h5-HT,,
selectivity, relative to oxymetazoline (K;: h5-HT,, = 0.4 nM, h5-HT 5 = 0.3 nM).
Certain other analogs (e.g., 52, 100-fold h5-HT,, selective) displayed even
greater selectivity. In the “elaboration” step, structure—affinity and QSAR stud-
ies were conducted. Both h5-HT,, and h5-HT ,; receptors appeared to possess a
limited hydrophobic binding region associated with the aryl 4-position; relatively
small lipophilic substituents (e.g., methyl, ispropyl, bromo) at this position
resulted in enhanced affinity, with a tertiary butyl group (as found in 51)
seemingly optimal. Lipophilic substituents with greater bulk/size were not as
well tolerated (80). These findings suggested that some other part of the mole-
cule should be examined if greater selectivity was desired (81). Attention
was turned to the imidazoline portion of 51. The ring-expanded compound 53
(K: h5-HT,, =27 nM, h5-HT,; = 4370 nM) (81,82), although binding with
lower affinity than oxymetazoline, was identified as the most (i.e., 160-fold)
h5-HT,,-selective agent at that time.
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The deconstruction—reconstruction—elaboration approach identified a number
of novel nontryptaminergic h5-HT,, agonists and many of them displayed
enhanced selectivity for this receptor population over h5-HT 5 receptors. Several
demonstrated good selectivity for h5-HT,, over other serotonin and nonsero-
tonin receptors and acceptable pharmacokinetic properties (83). In the course
of these studies, related analogs, such as the anilincimidazolines and the
amidines, also were identified and have yet to be fully exploited. For example,
the anilinoimidazoline counterpart of 51 (54; h5-HT,, K; = 0.3 nM) binds with
40-fold h5-HT,, selectivity (83), whereas amidine 55 (h5-HT,, K; = 13 nM)
displays 45-fold selectivity (80); that is, both of these compounds are at least as
h5-HT p-selective as 51. Neither of these series has been examined in detail;
nor has their activity/selectivity been fully optimized.

Before leaving the topic of 5-HT,, receptors, one other study is worth
mentioning—not so much because it resulted in a selective agent (because it did
not), but because a compound with little measurable affinity (K; > 10,000 nM)
was converted to one with significantly enhanced affinity. As aready mentioned,
propranolol (45) binds at rat 5-HT, receptors with high affinity, but it lacks
affinity for h5-HT,; and h5-HT 5 receptors. Results of graphics modeling studies
suggested that the ether and hydroxyl oxygen atoms of propranolol contributed to
their high affinity for rat 5-HT,g receptors and interact with amino acid residues
that are not found in either the h5-HT,, or h5-HT,; receptors (74). It was also
found that structural modifications similar to those described earlier (see Section
2.4) could result in derivatives with enhanced h5-HT,y affinity. Aryloxyalky-
lamines bearing a two-atom chain and a secondary amine showed good affinity
for h5-HT,, receptors; optimal affinity appeared associated with amines bearing
an N-monomethyl group (77). Hence, propranolol (h5-HT 5 K; > 10,000 nM) was
ultimately converted to 56 (K; = 34 nM), which showed a significant improvement
in affinity. Compound 56 is afairly conformationally flexible agent. Occasionaly,
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the affinity and/or selectivity of a compound can be enhanced if it is constrained
in a conformation favorable for binding at a particular receptor population.
Severd different conformationally constrained analogs of 56 can be envisioned:
57-59. We prepared all three compounds and found that whereas 57 and 58 bind
with reduced affinity, 59 (h5-HT 5 K; = 10 nM) binds with an affinity at least
comparable to that of 56 (K; = 34 nM) (84). Furthermore, 60 (K; =4 nM), a
tetrahydro version of 59, was found to bind with even higher affinity. Although
59 and 60 possessed only 10- to 15-fold selectivity for h5-HT,, vs h5-HT
receptors, this exercise demonstrated that even compounds with little affinity for
areceptor (e.g., propranolol h5-HT,, K; >10,000 nM) can be converted to analogs
with substantially enhanced affinity (e.g., 60; h5-HT,y K; =4 nM) (84). As with
the 5-HT,, studies on aryloxyakylamines, h5-HT,; ligands of greater interest
were identified (i.e., the oxymetazoline analogs), and work on this project has
not yet been completed. Efforts are still required to further enhance the h5-HT
selectivity of compounds such as 59 and 60.

2.6. 5-HT, Serotonergic Ligands

Another example of the “standard series” approach is illustrated by our
investigations in the 5-HT, area. We initiated our studies in the mid to late 1990s
when no selective agent was yet known for these receptors. We began by exam-
ining the “standard series’ (85). One of the compounds in the seriesis 2-methyl
5-HT (61). Interestingly, 2-methyl 5-HT showed high affinity for this receptor
population (h5-HTg K; = 46 nM) (85). Typically, 5-HT receptors do not readily
accommodate a methyl group at the 2-position of serotonin; 5-HT, receptors
are an exception, Despite its relatively low affinity, 2-methyl 5-HT (61; 5-HT,
K; ~ 1200 nM) has long been used as a 5-HT; agonist. Now, 2-methyl 5-HT
could no longer be considered a 5-HT;-selective agent. Although the affinity
of 2-methyl 5-HT was higher at 5-HT, than at 5-HT, receptors and athough
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it showed agonist action (adenylate cyclase assay), it could not be called a
5-HT,-selective agent either. Years earlier we had examined the standard series
at 5-HT, receptors and we had shown, as had several other groups of investiga-
tors, that 5-HT, receptors do not readily accommodate O-methylation of
serotonin. In theory, 2-methyl-5-methoxytryptamine (62) should bind at 5-HT
receptors (we aready knew from the standard series that 5-HT, receptors
accommodate a tryptaminergic 5-methoxy group), but should bind with reduced
affinity at 5-HT, receptors. The agent, on hand from previous studies, was
quickly demonstrated to bind at the former population (62; 5-HT4 K; = 98 nM),
but not at 5-HT; (K; > 10,000 nM) receptors, and possessed an affinity compa-
rable to that of 5-HT (K, = 75 nM). Hence, the standard series provided the first
lead for a 5-HT-selective agent, and after testing one additional candidate, it
seemed that a starting point for further study had been identified. Furthermore,
not a single compound required synthesisin order to identify this lead structure.

Being a primary amine and prone to rapid metabolism in vivo and lacking
significant lipophilicity, it was desired to examine amine-substituted analogs as
well as other compounds that might be more lipophilic in order to more readily
penetrate the blood-brain barrier. N,N-Dimethylation was tolerated, and the
resultant compound, 5-methoxy-2-methyl-N,N-dimethyltryptamine (MMDT; K; =
60 nM), retained the character of 62 (86). Introduction of small N,-alkyl sub-
stituents would also be expected to enhance lipophilicity, but these simply
resulted in diminished 5-HT, receptor affinity (86). It was found that the
C,-methyl group could be homologated to an ethyl group affording EMDT (63;
h5-HT4 K; = 16 nM)—the first relatively se